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ABSmCT 


The  f^eneral  objective  of  thi.'J  irA ers ligation  is  vhe  develoturiP’' ’  '  ’a 'v  fuels 
and  new  fuel  systems  which  w^l],  pr/ovide  the  cooling  and  propulsion  •  '•  '.ts  of 

advanced  air-breathing  engines.  In  previous  studies  on  the  utiliza  ->ndo- 

themi c  reactions  of  hydrocarbon  fuels,  the  catalytic  dehydrogenation  .  .thenes 
showed  the  most  prcyimise  nor  practical  applications.  In  continuing  these  stvidies, 
a  large  number  of  catalysts  were  prepared  and  tes+.ed  for  activity  and  stability 
for  the  dehydrogenation  of  methy? ayclohexar.e  and  decalisi.  Hie  stability  of  support¬ 
ed  platinum  catalysts  for  these  reactions  was  affected  by  the  physical  properties 
and  chemical  composition  of  the  support  and  by  the  metal  content  and  metal  composi¬ 
tion  of  the  catalyst.  B3 cyclo(2,f^,2 )oct.ane  was  dehydrogenated  to  bicyclooctp'oe  in 
low  y'-ieid  with  a  supported  platinum  catalyst.  Additives  were  found  which  erJianced 
the  rate  of  thermal  cracking  of  paraffins.  Improved  wall  catalysts  were  formulated 
for  the  dehydrogenation  of  naphthenes  and  a  mathemetic.al  model  was  developed  for  a 
catalytic  wall  i-cactor.  Various  fuels  were  evaluated  for  thermal  stability  in  both 
our  standard  ASIVi  Coker  and  a  special  Alcor  JFTOT  unit  designed  for  operation  up 
to  .1.000° F  and  1000  psi.  The  high  tempera tvu'e  the.mal  stability  of  fuels  was  im¬ 
proved  by  means  of  additi-’ces.  The  deposit  profiles  on  coker  tubes  were  rsprodacibly' 
determhied  with  a  recently  developed  heta-ray  bagkscatter  instrument  which  is  capa¬ 
ble  of  measuring  deposit  thiclcnesses  up  to  2500  A.  Hie  physica.l  properties  of  Jp-T 
jet  fuel  were  recalci.iJ.ated  using  improved  methods.  The  new  values  compare  favorably 
with)  data  obtained  frora  heat  transfer  experiments.  The  supersonic  combustio.n  of 
decalin,  tetralin  and  naphthalene  was  investigated  'using  the  shock  tube.  A  litera¬ 
ture  survey  was  made  of  articles  and  patents  of  interest  to  this  and  related  pix)- 
grams . 
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HYDROCARBON  FUELS  FCK  ADVANCED  SYSTEMS 


IN""' 


A 


As  vehicles  propelled  by  airbreathing  engines  are  being  designed  to  fly 
at  greater  speeds^  thermal  problems  multiply  and  cooling  needs  Increase.  The  most 
critical  regions  which  require  cooling  are  leading  edges  and  engines.  Although 
thermal  effects  can  be  somewhat  accommodated  by  improved  materials  and  passive  cool¬ 
ing,  sustained  hypersonic  flight  in  the  atmosphere  requires  a  substantial  heat  sink. 
Mechanical  refrigeration  or  a  noncorabustible  coolant  can  be  used  for  cooling,  but 
the  fuel  remains  as  the  most  efficient  source  of  heat  sink. 

Tlie  speed  limit  on  vehicles  in  the  range  above  Mach  4  will  depend  on  the 
cooling  capacity  of  the  fuel.  Fuels  such  as  hydrogen,  methane,  and  ammonia  can 
furnish  a  heat  sink  only  through  sensible  heating  and  vaporization,  whereas  hydro¬ 
carbon  fuels  can  provide  additional  cooling  through  endothermic  reactions.  Hydro¬ 
carbons  can  undergo  both  thermal  (noncatalytic )  and  catalytic  endothermic  reactions. 
Theoretically  the  total  heat  sink  of  hydrocarbon  fuels  range  from  50  to  112^0  of 
the  cooling  capacity  of  hydrogen,  based  cm  heat  sinks  normalized  by  the  heat  of 
combvistion.  Laboratory  proven  capability  has  achieved  85^  for  catalytic  reaction 
accompanied  by  sensible  heating  and  vaporization,  whereas  thermal  reaction,  such 
as  cracking,  with  heating  and  vaporization  has  been  limited  to 

Catalytic  reactions  of  interest  incl\)de  dehydrogenation,  dehydrocycliza- 
tion,  and  deiwlymerlzabion.  The  most  prtanising  type  that  has  been  studied  is  the 
catalytic  dehydrogenation  of  naphthenes.  A  typical  example  of  this  reaction  is 
the  dehydrogenation  of  methylcyclohexane  over  a  platinim  on  alumina  catalyst. 

Other  promising  reactionr  are  the  catalytic  dehydrogenation  of  dicyclchexyl  and 
decahydronaphthalene . 

Until  a  few  years  ago  the  use  of  hydrocarbon  fuels  in  advanced  engines  at 
si>eeds  greater  than  Mach  5  was  no  more  than  a  concept.  Studies  under  contracts 
AF35 (657) -11096  and  AF33 (615) -3789  Investigated  the  possibility  of  using  hydrocar¬ 
bon  fuels  \inder  the  severe  conditions  of  hypersonic  flight.  These  programs  were 
directed  toward  evaluating  the  capability  of  these  fuels  in  advanced  engines  and 
developing  the  information  necessary  for  the  design  of  systems  for  the  promising 
fuels. 


The  ciirrent  contract  is  a  continuation  of  these  pest  programs  with  emphasis 
on  extending  the  knowledge  and  improving  the  capability  and  performance  of  known 
hydrocarbon  fuels.  In  addition,  investigations  of  new  candidate  fuels  and  new 
techniques  for  utilizing  hydrocarbon  fuels  are  continuing. 

Areas  of  investigation  in  the  current  program  are  the  study  of  endothermic 
reactions  and  the  determination  of  properties  and  characteristics  of  hydrocarbon 
fuels.  The  catalytic  and  thormal  reactions  of  different  fuels  are  being  investi¬ 
gated  and  the  kinetics  of  reactions  with  significant  heat  sinks  are  being  meas\ired 
and  analyzed.  Catalysts  are  being  st’udied  vrith  the  objective  of  optimizing  the 
composition  and  geometry  so  as  to  improve  catalyst  activity,  stability,  and  per¬ 
formance.  Properties  and  characteristics  of  fuels  are  being  determined  experimen¬ 
tally  and  theoretically.  Gas  proi)erties  can  be  predicted  reliably,  whereas  liquid 
properties  must  be  measured.  Thermal  stability  and  combustion  characteristics  of 
fuels  are  being  determined  by  experimental  work. 


-1- 


SUMMARY 


As  hypersonic  aircraft  and  missiles  are  developed  with  increasing  speed, 
the  need  for  engine  cooling  multiplies.  The  fuel  used  in  an  engine  is  a  convenient 
coolant  for  this  purpose,  absorbing  heat  as  sensible  heat  and  latent  heat  of  vapor¬ 
ization.  Certain  hydrocarbon  fuels  can  furnish  additional  heat  sink  in  the  form  of 
endothermic  reactions.  Possibi.s  endothermic  reactions  include  thermal  reactions 
such  as  cracking,  a^id  catalytic  reactions  such  as  dehydrogenation,  dehydrocycliza- 
tion,  and  depolymerization.  Of  these,  the  catalytic  dehydrogenation  of  naphthenes 
to  arcsnatics  is  currently  the  most  premising  type  of  reaction.  Reactions  of  this 
tj^je  are  very  selective  and  proceed  rapidly  to  achieve  high  conversion.  The  total 
heat  sinks  for  these  reactions  ccxnpare  favorably  with  heat  sinks  for  other  fuels. 

Over  forty-five  catalysts  were  evaluated  in  bench-scale  studies  for  stability 
in  the  dehydrogenation  of  naphthenes  without  added  hydrogen.  Almost  all  of  tne 
catalysts  contained  platinum  either  alone  or  with  other  metals  as  bimetallic  or 
trimetallic  mixtures;  these  were  mounted  on  ei^teen  different  supports.  In  short 
tests  with  decalin  (30  minutes)  at  10  atm  pressure,  six  catalysbs  showed  moderate 
stability  at  1200°F  and  good  stability  at  lower  temperatures.  Four  of  these 
catalysts  contaiiied  platinum  on  four  different  supports;  the  other  two  were  bimetal¬ 
lic  and  trimetallic  mixtures.  In  less  severe  tests  with  MCH  nine  of  the  catalysts 
showed  moderate  stability  at  high  space  velocity  (LHSV  =  lOO).  Based  on  the  tests 
with  decalin  it  appeared  that  catalyst  stability  was  affected  by  catalyst  support 
composition,  physical  properties  of  the  support,  and  the  catalyst  metal  content 
and  composition. 

Exploratory  studies  with  bicyclo(2,2,2)octane  in  a  pulse  reactor  showed 
that  this  naphthene  could  be  catalytically  dehydrogenated  to  bicyclooctene.  Yields 
were  low  (ca  26'jf>)  and  the  reaction  was  quite  sensitive  to  catalyst  properties  and 
reaction  conditions.  V^ith  one  caxalyst  bicyclooctene  was  formed  using  He  carrier 
gas  but  not  with  carrier;  with  tvra  other  catalysts  containing  platinum,  bicyclo- 
octene  was  formed  v/ith  one  catalyst  but  not  v/ith  the  other. 

Tirenty  different  additives  were  tested  in  the  pulse  reactor  as  free  radical 
initiators  for  enhancLog  the  rate  of  the  thermal  cracking  reaction.  Of  the  addi¬ 
tives  tested  six  gave  substantial  increases  in  the  rate  of  cracking  of  n-dodecane 
at  IlOO  F.  The  most  effective  additive  caused  an  increase  in  conversion  of  about 


Addition  of  3^^’  propane  to  methylcyclohexane  enhanced  the  reactivity  of 
MCH  at  and  below  932°!'  but  reduced  reactivity  at  higher  temperatures. 

Development  of  granular  and  coating  catalysts  and  screening  of  catalysts 
for  dehydrogenation  activity  have  continued.  Man^"  additional  granular  catalysts 
have  been  prepared  which  consist  of  one  or  more  metals  on  various  supports  or 
mixtures  of  several  unsupported  metals.  Development  of  catalytic  coatings  for 
metal  surfaces  have  continued  in  order  to  improve  ease  of  application,  mechanical 
properties,  adherence  to  metal  sur^'aces,  and  catalytic  activity.  Candidate  coat¬ 
ings  in  platinized  granular  form  have  been  evaluated  in  tests  in  the  micro  catalyst 
test  reactor. 
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The  need  for  obtaining  intrinsic  reaction  kinetic  data  in  the  'iosence  of 
heat  and  mass  transfer  effects  has  been  discussed.  Packed  bed  reacto’s  have  a 
number  of  drawbacks  and  some  kind  of  recycle  reactor  must  be  used.  A  catalytic 
continuous  stirred  tank  reactor  is  appropriate  and  one  has  been  designed  to  measui'e 
the  kinetics  of  the  dehydrogenation  of  methylcyclohexane  and  decalin. 

A  matliematical  model  of  the  catalytic  wall  reactor  ccjnfiguration  has  been 
developed.  The  model  is  one -dimensional  in  fluid  flow,  but  accounts  for  radial 
heat  fluxes.  Differential  equations  describing  temperature,  pressure  and  conversion 
are  integrated  numerically  along  the  reactor.  The  experimental  data  on  methylcyclo¬ 
hexane  dehydrogenation  obtained  in  the  Fuel  System  Simulation  Test  Rig  (FSSTR)  are 
discussed  and  compared  with  the  model.  After  slight  modification  of  the  kinetic 
parameters,  the  model  agreed  well  with  the  experiments.  Approximations  and  possible 
modifications  of  the  model  are  also  considered. 

Test  runs  were  made  on  the  dehydrogenation  rf  decalin  with  three  different 
catalysts  in  the  ESSTR.  Shell  I0860-1U6  catalyst  was  far  superior  in  activity  and 
stability  to  Shell  10280-II3  and  U0P-R8  catalysts  at  cru  _  'sions  up  to  80^  and 
outlet  fuel  tempera  1112*63  up  to  1050°F.  The  two  latte’  catalysts  were  comparable 
in  initial  activity,  but  Shell  II3  catalyst  was  mucn  .e^,s  stable  than  U0P-R8  cata¬ 
lyst  at  higher  temperatures. 

A.  problem  in  the  determination  of  fuel  thermal  stability  by  a  heat  transfer 
device  such  as  the  ASTM  Coker  is  the  uncertainty  in  evaluating  both  the  amount  and 
the  distribution  of  the  deposits  on  the  tube  at  the  conclusion  of  the  test.  While 
it  is  usually  possible  to  rate  deposits  by  appearance  on  highly  polished  aluminum 
tubes,  many  other  metals  such  as  stainless  steels  and  nickel  change  color  when 
heated,  even  in  inert  environments,  and  this  complicates  the  visual  rating.  To 
solve  this  problem  we  have  built  a  ’■  ‘ta-ray  backscatter  instrument  which  is  capable 
of  evaluating  deposit  thicknesses  up  to  2500  A.  We  have  demonstrated  that  the 
deposit  profiles  on  coker  tubes  can  be  reproducibly  determined.  The  calibration 
of  this  instrument  on  aluirdnum  tubes  has  been  accomplished,  and  similar  calibra¬ 
tions  on  stainless  steels  and  other  metals  are  in  progress.  We  have  meas\ired 
deposits  from  several  sources,  and  in  many  cases  the  geographical  distribution  of 
deposits  measured  by  this  instr’jraent  is  the  same  as  deter-mined  by  the  optical 
methods  of  evaluation.  However,  the  relative  values  vary  greatly,  and  in  some 
cases  even  the  geographical  distributions  are  different.  In  fact,  it  appears  at 
this  time  that  the  beta -ray  backscatter  instrument  is  capable  of  giving  a  truer 
picture  of  deposit  distribution  than  the  optical  method. 

One  recent  addition  to  the  battery  of  equipment  being  used  for  evaluation 
of  fuel  thermal  stability  is  a  special  Alcor  JFTOT  unit,  designed  for  operation 
up  to  1000°f'  and  1000  psi.  Although  the  equipment  has  not  been  operated  as  yet  up 
to  its  maximum  capability,  considerable  data  have  been  obtained  with  it  under  less 
severe  conditions  with  excellent  results.  Good  agreement  has  been  found  between 
data  obtained  with  this  equipment  and  those  obtained  with  our  standard  ASTTI  Coker. 
However,  seme  dlfflcu2.ty  has  been  encoimtered  at  high  temperatures  due  to  a  ten¬ 
dency  of  the  thin  aluminum  tubes  to  buckle.  Attempts  to  correct  this  by  the  use 
of  TEFLON®  O-rings  and  a  conducting  grease  at  the  bus-bar  clamps  were  not  success¬ 
ful. 
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About  50  compounds  have  been  screened  on  the  SD/M-7  Coker  for  their  pos¬ 
sible  use  as  fuel  additives  in  Improving  high  temperature  thermal  stability.  Six 
of  these  have  been  found  effective  in  the  liquid  temperature  range  of  675  to  7i30°F, 
and  the  best  of  them  increases  the  thermal  stability  breakpoint  by  125°F  liquid 
or  160'  'F  metal  temperature. 

A  storage  stability  experiment  on  high  pui'ity  MCH,  which  was  initiated 
about  4“1/2  years  ago,  has  been  terminated  with  the  removal  of  the  samples  frcsn 
the  hot  room  and  their  examination.  The  samples  were  stored  in  one-gallon  epoxy- 
lined  pails  v;  ith  a  2:1  gas/liquid  ratio  at  130°F,  the  gas  compositions  ranging 
from  pure  oxygen  to  pure  nitrogen.  The  remarlcable  result  was  that  all  the  samples 
appeared  equivalent  to  their  original  condition;  no  deterioration  had  occurred 
that  could  be  ascertained  by  color  change,  giro  determinations,  or  thermal  stability 
testing  with  the  SD/m-7  Coker.  Some  tests  have  been  made  for  the  selection  of  the 
most  favorable  antioxidant  for  SHELLDYNE-i^®  hydrocarbon  fuel.  Samples  v;ere  tested 
with  various  commercial  inhibitors  under  accelerated  conditions.  200‘’F  in  the 
presence  of  excess  oxygen  for  I8  and  JO  hours.  Although  the  results  were  not  clear 
because  of  difficulties  with  gum  determinations,  the  most  effective  antioxidant 
for  SHELLDYNE-H^"  fuel  appears  to  be  the  amine  inhibitor,  di -sec -butyl  p-phenylene 
diamine. 


A  new  batch  of  MCH,  synthesized  by  toluene  hydrogenation,  has  been  tested 
in  the  SD/M-7  Coker,  and  is  now  being  filtered  to  meet  thermal  stability  specifi¬ 
cations. 


Revised  physical  properties  for  JP-7  jet  fuel  were  calculated  by  improved 
predictive  methods.  Pr  :)perties  were  estimated  for  saturated  gas  and  liquid  at 
subcritical  temperatures  and  for  the  gas  at  superci-itical  temperatures  and  differ¬ 
ent  pressures.  These  revised  values  are  considered  to  be  better  than  previous 
properties,  especially  for  the  liquid  heat  capacity  and  theimal  conductivity.  The 
revised  properties  agree  quite  well  with  properties  of  similar  mixtures,  and  com¬ 
pare  favorably  with  data  from  heat  transfer  experiments. 

Physical  properties  were  estimated  for  binary  mixtures  of  methylcyclo- 
hexane  (MCH)  and  a  low  molecular  weight  hydrocarbon  (ethane,  propane  and  n-butane). 
These  were  prepared  for  use  in  future  studies  on  fuel  cooling  of  advanced  engines. 
Mixture  properties  v;ere  determined  from  knovm  properties  of  the  individual  consti- 
i^uents.  Melting  and  freezing  points  of  MCH -propane  mixtures  were  measured  and  used 
to  calculnte  melting  point  depressions  for  the  desired  mixtures. 

The  surface  tension  of  SHELLDYUE-H®  hydrocarbon  fuel  was  measured  at  three 
temperatures.  These  results  were  correlated,  and  the  correlating  equation  was  used 
to  estimate  surface  tension  at  higher  temperatures. 

Hie  supersonic  combustion  of  decalin,  tetralin  and  naphthalene  v;ere  inves¬ 
tigated  using  the  shock  tube.  Met: ods  of  accounting  for  attenuation  were  compared, 
and  the  best  one  was  found  to  be  tlie  use  of  a  constant  value  (O.OOl)  for  the  atten¬ 
uation  coefficient.  The  ignition  delay  time  correlation  was  mexlified  by  adding  the 
ei'fect  of  fuel  concentre t ion-  Tiie  data  obtained  on  decalin  and  tetralin  and  much 
of  thi'  data  on  ignition  delay  times  obtained  earlier  wore  correlated  using  the  new 
equation.  A  sta tist:i.cal  analysis  showed  that  the  correlations  could  not  be  analyzed 
by  .standaf  ,  techn Lc’ues .  Tlie  metiod  ;_if  I’itting  the  parameters  in  the  equation  to 
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the  experimental  data  was  also  discussed.  In  general,  it  is  seen  that  oxygen  has 
the  effect  of  reducing  the  ignition  delay  times,  v/hile  increase's  in  fuel  concentra" 
tion  tend  to  increase  it.  The  rate  of  combustion  of  tetralin  was  also  measured. 
From  liiri'’'ted  data  it  seems  that  temperature,  oxygen,  and  fuel  all  tend  to  hicrease 
the  ra  a  of  combustion.  As  has  been  obsemred  before,  the  activation  enorjiy  is 
fairly  low. 

Pertinent  articles  and  patents  that  appeared  in  the  iitera  lAire  during  the 
past  year  were  compiled  into  a  bibliography.  Ttiis  survey  covered  the  following 
subjects:  Advanced  F^xels,  Physical  and  Chemical  Properties  of  Fuels,  Thernial 
Stability  of  Fuels,  Fuel  Contaninants  and  Additives,  Catalysts  and  Catalytic  Reac¬ 
tions,  Heat  Transfer  and  Fluid  Mechanics,  Combustion,  and  Advanced  Engine  Develop¬ 
ment. 
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LABORATORY  STUDIES  OF  CATALYTIC  AND  THERMAL  REACTIONS 

nie  bench -scale  studies  of  candidate  endothermic  fuels  and  their  catalyst 
systems  that  were  initiated  under  the  pi^vio’is  contract  are  being 
were  conducted  in  rpptaratus  developed  under  the  previous  contract- 

.Extending  the  work  on  the  stability  of  catalysts  for  the  dehydrogenation 
of  naphthenes,  over  forty-five  catalysts  were  evaluated  using  the  dehydrogenation 
of  decalln  and  of  methylcyclohexane  as  the  test  reao^ Ions  in  our  bench-scale  sys¬ 
tem.  The  dehydrogenation  of  bicyclooctane  was  studied  in  a  pulse  reactor  as  part 
of  our  exploratory  search  for  additional  endothermic  fuels.  A  number  of  additional 
additives  were  tested  as  free  radical  initiators  for  the  thential  cracking  of 
n-dodecane. 


c^'^t^ued .  Tests 


Bench-Scale  Catalyst  Stability  Studies 

Work  under  the  previous  contract  ehowea  that  there  were  considerable  dif¬ 
ferences  in  the  stabilities  of  supported  platinum  cabulysts  for  the  dehydrogena¬ 
tion  of  naphthene  reactions. Further,  preliminary  studies  with  a  few  commer- 
cia  and  laboratory  catalysts  showed  that  stability  was  strongly  affected  by  the 
catalyst  pore  structure. As  the  most  efflcienx  catalyst  for  naphthene  dehydro¬ 
genation  appears  to  be  platinum,  ^t  was  of  interest  to  expand  tiie  study  of  the 
stability  of  this  catalyst  system.  The  purpose  of  tiie  work  was  to  study  the 
variables  that  influenced  stability,  with  the  subsequent  elm  of  optimizing  the 
C8l4ilyst  composition. 

Under  the  present  contract  about  forty- five  catalysts  have  been  eval\ia*,ed 
for  stability  using  the  dehydrogenations  of  decalin  (DHN)  and  methylcyclohexane 
(MCHj  as  test  reactions.  Three  of  these  catalysts  contained  no  platinum.  Tie 
rema.inder  consisted  of  fourteen  different  elements  combined  with  platinum  as  bi- 
csetalllc  or  trimetalllc  mixtures  or  compounds  and  mounted  on  twelve  different 
supports.  The  variables  under  study  were  oemposition  of  catalyst  support,  jm^sical 
properties  of  the  support,  metal  C'vaposition,  metal  content,  and  metal  dispersion. 

A  detailed  description  of  the  preparation  of  these  catalysts  is  given  in  a  later 
section. 


The  tests  were  done  in  oar  bench-scale  laboratory"  reactor  system  which 
was  a  tubular  flow  reactor  equipped  with  conventional  devices  for  measuring  feed 
flow  rate.^  and  for  collecting  liquid  and  ga.s  products.  The  reactor  was  a  stainless 
steel  tube  (No.  l/2-tn.  IPS )  52-1n.  long  and  5/8-in.  ID-,  which  was  heated 

by  an  electric  furnace.  The  cauilyst  was  contained  in  the  araiular  space  between 
the  thermc^rell  and  the  reactor  wall.  In  order  to  supply  heat  rapidly  to  the 
catalyst  bed,  the  annula.''  distance  between  the  thermowell  ar.d  the  reactor  wall 
was  about  l/l6  In.,  which  was  about  one-pellet  diameter.  Tl^e  caualyrt  bed  was 
about  4-1/2- in.  lonp  8.nd  had  a  volume  of  7  nil.  Prior  to  carrying  out  the  experi¬ 
ments,  tlie  eatelysts  were  reduced  In  .situ  with  hydrogen  for  50  minav.es  at  5T2°F 
(5i>0”C)  and  then  fc'c  one  hour  at  the  reactlcjp  temiterature.  'five  complete  apparatus 
™s  described  in  dete  11  in  a  previous  report.'^/ 


-6- 


AFAPL-TR-70-71 


The  reactor  wall  temperature  was  measured  by  a  thermocouple  pressed  against 
"Uie  outside  reactor  wall  by  the  furnace  block  and  located  about  ]  in.  below  the  top 
of  the  catalyst  bed.  The  catalyst  bed  temperatures  were  measured  by  themocouples 
cmtained  in  the  thermowell.  The  thermocouples  were  1  in.  apart  and  the  top  therm- 
ocouple  was  about  l/2  in.  belcw  the  top  of  the  catalyst  bed  (the  flow  was  dowiiward 
through  the  catalyst  bed).  The  '•effective"  catalyst  temperature  was  between  the 
reactor  wall  temperature  and  the  catalyst  bed  temperature. 

During  r'^ction  the  catalyst  bed  temperature  (thermocouple  measurements) 
was  considerably  ower  than  the  furnace  block  temperature  due  to  the  endothermic 
beat  of  reaction.  As  the  catalyst  deactivated  the  catalyst  bed  teniperat\Jre  in- 
crea.?ed  and  the  magnitude  of  the  temperattu:*e  increase  was  taken  as  a  measure  of 
catalyst  deactivation.  Another  quantitative  indication  of  catalyst  deactivation 
was  the  movement  of  the  "cold  spot"  down  the  catalyst  bed. 

Product  analyses  were  done  by  GLC  from  which  conversions  and  selectivities 
were  calculated. 

Dehydrogenation  of  Decalin 

The  catalysts  were  tested  at  1C  atm  pressxire  and  a  liquid  hourly  space 
velocity  (LKSV,  volume  of  feed  per  volume  of  catalyst  per  hour)  of  100,  Each 
catalyst  was  tested  initially  at  842“F,  and  then  at  successively  higher  temperatiire 
(in  90 “F  increments)  throu^  1202”?  or  until  the  catalyst  became  inactive.  'Ihe 
test  period  was  30  minutes  at  each  i.«nperature.  The  feed  (F-113  IXIN)  had  the 
following  ccMnposition: 

25.0^  trans-IHN 
74.6it  cis-DHN 
0.^  tetralin  (THN) 

The  catalysts  were  tested  in  two  groups,  one  of  which  contained  catalysts 
preijared  under  the  previous  contract  for  another  purpose,  and  the  otlier  which 
contained  catalysts  prepared  under  this  contract,  (ihe  preparative  methods  are 
described  in  a  later  section. ) 

The  principal  reaction  products  were  te^/ralin  (THN)  and  naphthalene  (n). 

With  fresh  catalyst  high  selectivities  (90-100'?fe)  to  THN  and  N  were  observed.  When 
the  catalysts  became  highly  deactivated  side  reactions  occurred  that  gave  products 
which  emerged  from  the  GLC  before  and  after  trans-DHN,  after  cis-IHN,  and  aiter  N. 
These  products  were  not  identified  further,  altJ  ugh  these  emerging  before  trans- 
DHN  were  assumed  to  be  cracked  material  (i.e-,  lighter  than  DHn).  Some  cis  to 
trans-DHN  isomerization  was  observed  at  the  lower  temperatures  (842°  and  952°F) 
with  all  of  the  catalysts.  The  complete  data,  Inclufjiiig  product  analyses,  are 
shown  In  Table  in  the  Appendix. 

,ln  the  first  series  of  runs,  fifteen  catalysts  were  tested  that  had  been 
prepared  under  the  previous  contract.  These  consisted  of  pure  platin^mi,  platinum 
combined  with  twelve  other  metals  as  bimetallic  or  trinefcaliic  mixtures,  and  tiiree 
different  non-platinm  bimetallic  mixtures.  The  mt^tals  were  mounted  on  four  dif¬ 
ferent  supports.  The  pertinent  data  are  sunurarized  in  Table  I ,  which  also  includes 
data  for  a  few  catalysts  tested  previously.  Figures  1  and  1  siiow  activity  (i.e-, 
converaion)  and  deactivation  (i.e.,  increase  in  eatalyst  tempe 'ature,  ATj^^°F) 
as  functions  of  block  temperature. 
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The  most  stab'’e  cfttalysrf  in  this  series  was  Shell  15'IB  (10280~157B).  This 
catalyst  was  a  bimetallic  platiinsm  mounted  cn  a  granular  Type  1  support.  The  sta¬ 
bility  (Figure?'  was  about  that  of  Shell  k6  (granular  Type  1  support)  and  ll4c 
granular  Type  S"  support )  v.ut  the  activity  was  lower  than  that  of  the  latter  two 
catalysts  (Figure  1;.  Another  catalvst  with  good  to  moderate  stability  was  Shell 
15A  (10280-15^,  a  trimetallic  plat^ium  mounted  on  a  spherical  Type  1  support. 

In  fact  this  catalyst  was  the  most,  stable  of  all  of  the  catalysts  containing  this 
support  that  have  been  tested  thus  far.  UOP-RI6E,  which  is  the  UOP  "high  stability" 
platforming  catalyst,  did  not  deactivate  at  1112 °F,  bi5t  did  s’^ow  a  catalyst  cempera- 
ture  increase  of  lO^^F  ccBipared  to  only  36“F  for  Shell  15A-  ifowever,  the  activity’ 
of  this  latter  catalyst  was  lower  than  that  of  UOP-RI6E  (Flgu::*e  l).  Thus  Shell  15A 
was  more  stable  but  less  active  than  UOP-RI6E. 

The  remainder  of  tlie  catalysts  in  this  series  showed  poor  stability  at 
the  higher  tempera tiores  (Table  1,  Figure  2). 

In  a  second  series  of  runs  eighteen  different  catalysts  prepared  under 
the  present  contract  were  tested.  These  catalysts  were  pure  platinum  or  platinum 
plus  another  element  that  were  mounted  an  ten  different  supports.  The  preparation 
of  these  catalysts  is  described  in  a  later  section.  The  pertinent  test  data  are 
shown  in  Table  2. 

Of  the  catalysts  tested  in  this  series.  Shell  155B  and  lk2B  were  the  most 
stal  le.  Thus  moderate  stabilities  with  Increases  in  catalyst  bed  temperatiires  of 
U?"  and  56“F,  respectlye}.y,  were  observed  at  :12C^‘*F  (block)  and  good  stabilities 
at  lower  temperatures.  The  other  catalysts  showed  poor  stabilities  at  1202®F 
ranging  from  complete  deactivation  to  temperature  increases  of  I51  to  227°F  (Table 
i)‘  Figure  3  shows  stability  as  a  function  of  block  temperature  for  a  number  of 
these  catalysts.  Tlie  performance  of  Shell  153B  and  1^28  was  comparable  to  that 
of  Shell  46  and  Shell  114C  (Table  2)  and  these  four  catalysts  together  with  1573 
are  the  most  stable  of  these  tested  thus  far.  Actually  Shell  133B  and  Shell  46 
are  nearly  identical  catalysts.  They  contained  the  same  support  and  same  Pt  con¬ 
tent,  but  the  method  of  moimting  the  platinm  on  the  support  was  different.  One 
of  the  catalysts  ccmtain&d  chloride  and  the  other  was  chloride -free.  Within  the 
limits  of  our  tests  the  perfonnsnoe  of  these  catalysts  was  the  same. 

Shell  l46  (20860“145)  was  a  large  batch  of  catalyst  (500g)  prepared  :in 
same  roaruier  as  was  Shell  46  and  is  intended  for  use  in  the  FSSTR.  In  our  tests 
the  perfonaance  of  this  catalyst  was  similcr  to  that  obse-n.-ed  witli  Shell  46, 
possibly  a  little  more  active  and  a  little  more  stable  than  the  latter,  based  on 
tiie  test  data  at  11,12^F  ('^_ble  2),  Unfortuiiately  it  war  not  possible  to  complete 
the  test  at  1202‘'F  with  ShelTT^i  due  to  plugging  rf  the  liquid  receiver  with 
naphthalene.  This  suggests  that  Shell  l46  was  a  little  more  active  (i.e.,  gave 
higher  conversion  to  naphthalene)  than  Shexl  46  as  the  receiver  did  not  plug  in 
tests  with  this  latter  catalyst.. 

Activities  (as  measured  by  conversions)  were  different  for  the  various 
catalysts  but  in  general  the  more  active  catalysts  were  the  more  stable- 


Tables  1  and  2  and 
FigTxres  1  tlu'ough  3  follow 
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a)  Catalyst  ccMiqpletely  deactivated  after  10-15  mlii'atea  at  this  ten5>erature. 
h)  Catalyst  conipletely  deactivated  at  end  of  run. 

o)  Reaction  time  10  minutes. 

d)  Standard  Catalyst 


F-V13  0HN 

>;  10  atm 


Block  Temperature,  ®F 

DEHYDROGENATION  OF  DECAUN:  EFFEa  OF  TEMPERATURE  ON  CATALYST  STABILITY 


Feed:  F-lt3DHN 


DEHYDROGENATION  OF  DECALIN:  EFFECT  OF  TEMPERATURE  ON  CATALYST  STABILITY 


In  earlier  work  it  was  shown  that  stability  varied  greatly  with  the  cata¬ 
lyst  supports. Further  it  appeared  that  the  best  supports  were  those  with  smaller 
pore  diameters.  Figure  4  shows  the  increase  in  catalyst  bed  temperature  )  as 

a  function  of  average  pore  diameter  of  the  support  for  catalysta  with  similar  Ft 
ccm tents  and  supports  at  block  tempera txires  of  1022“  and  1202“F.  Indeed  those 
catalysts  with  smaller  pores  appear  to  be  more  stable. 

Dehydrogenation  of  Methyl cyclohexane 

The  MCH-catalyst  system  was  considerably  more  stable  than  the  decalin 
system.  Thus  with  our  standard  1^  Pt  on  AlgOa  catalyst  good  stability  was  observed 
with  MCH  at  10  f  tm  pressure  but  not  at  1  atm'*/ ,  .while  with  EHN  good  stability  was 
observed  at  ^0  atm  but  not  at  10  atm  pressure.^/  Consequently  in  these  st\idies 
with  MCH,  stability  tests  were  made  at  1  atm  pressure.  Each  catalyst  was  tested 
at  a  single  temperature,  a52“F,  in  a  series  of  successive  runs  with  increasing 
space  velocities  of  5,  15,  30,  50,  8o  and  100  IUSV.  The  reaction  time  at  each  LHSV 
was  ?0  minutes.  The  test  was  terminated  if  the  catalyst  became  h active  before 
reaching  LHSV  of  100.  Foiirteen  catalysts  were  evaluated  in  these  tests,  four  of 
which  had  shown  good  stability  with  DHN.  Hie  complete  data  are  presented  in  Table 
56  in  the  Appendix,  while  the  pertinent  data  are  summarized  in  ihble  3. 

Catalyst  deactivation  was  measured  by  the  magnitude  of  the  increase  in 
catalyst  bed  temperature  during  the  30  minute  test  period.  Conversians  and  cata¬ 
lyst  bed  temperatures  increases  at  the  highest  LHSV  are  shown  in  Table  3.  which 
also  includes  two  catalysts  for  compariscsn  that  were  tested  previously  (uoP-RS 
and  CJ0P-R16e).  Conversion  as  a  function  of  space  velocity  are  shown  in  Figure  5 
for  Vfi  Pt  and  in  Figure  6  for  Pt  catalysts. 

Of  the  catalysts  tested  during  this  period  all  but  five  showed  little  or 
no  catalyst  deactivation  at  the  highest  space  velocity  (catalyst  bed  temperature 
change  was  0  t  2,  Table  3).  This  group  included  platinum  mounted  on  both  commer¬ 
cial  and  Shell  prepared  supports.  Our  test  was  not  severe  enough  or  of  sufficient 
duration  to  differentiate  between  these  ten  catalysts;  thus,  all  of  them  must  be 
ccsn^idared  to  have  comparable  good  stability  for  MCH  dehydrogenation.  Commercial 
U0P-R8  appeared  to  be  the  least  stable,  but  stability  was  improved  greatly  by  UOP 
by  adding  a  "metal  activator"  (i.e.,  U0P-R16e). 

Activities  varied  greatly  between  catalysts,  and  at  LHSV  of  100  the  most 
active  catalysts  were  ccmmercial  Girdler  T-509C  and  I0860-ITIE.  Six  of  these 
cataly.sts  have  been  tested  with  decalin.  Further  testing  of  the  others  with  this 
naphthene  are  plumed,  as  decalin  gives  a  more  severe  test  of  catalyst  stability. 

In  summary,  we  have  evaluated  many  catalysts  for  stability  for  the  dehy¬ 
drogenation  of  naphthenes  witliout  added  hydrogen.  Almost  all  of  the  catalysts 
contained  platinum,  eitlier  alone  or  with  other  metals  as  bimetallic  or  trlmetalllc 
mixtures,  mounted  on  various  '' -pports.  In  the  tests  with  decalin  six  of  the 
laboratory  prepared  catalysts  showed  moderate  stability  at  1202“F  and  good  stabil¬ 
ity  at  lower  temperatures.  All  of  these  catalysts  contained  platinum;  one  was  a 
bimetallic  and  one  was  a  trimetallic  mixture  mounted  on  four  different  supports. 

With  the  les.s  severe  tests  with  MCH  nine  of  the  catalysts  showed  moderate  stability 
at  high  space  veloclt,y.  'Ihese  catalysts  will  be  evaluated  fui’ther  with  decalin. 
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Table  DEHYDROGENATION  OF  METHYLCYCLOHEXANE :  SUmRY  OF 

GA.TA.L1ST  STABILITY  TEST  MTA.  AT  TERMINATION  OF  TESTS 

Pressure:  1  atm  Block  Temperature:  842 °F 


Catalyst  Number 

LHSV 

MCH 

Conversiofn, 

Catalyst  Bed 
Temperature 
Increase,  °F 

10280-U^^'^^ 

80 

19.8 

76 

10280-108 

100 

31.6 

10860-1320'^^ 

100 

30.9 

0 

10860 -135A^^ 

100 

32*5 

-2 

10860-137B*^^ 

100 

16.1 

27 

10860-1 42B°^ 

100 

37.3 

-2 

10860 -ITClA 

100 

35-3 

+2 

10860 -17OB 

80 

10.7 

180 

IO860-17IA 

50 

10.8 

-b) 

10860-1 TIB 

100 

34.9 

+2 

IO86O-17IC 

100 

33.2 

0 

IO860-17ID 

100 

34.8 

0 

IO860-17IE 

100 

41.4 

+2 

10860-196 

80 

2.9 

29b) 

U0F-R8°^^^ 

50 

15.3 

168^^ 

U0P-Rl6'^^'^^ 

100 

18.5 

31"’ 

Girdler  T-509C'^^ 

100 

44.4 

0 

a)  Standard  Catalyst  vjTvt  on  AlaOs- 

b)  Catalyst  almost  completely  deactivated  at  the  end  of  the 


test. 

c)  Coininercial  catalyst. 

d)  Also  tested  with  decal in. 

■  e)  Cold  spot  moved  down  the  catalyst  bed. 

i 

( 

r 

f 

FifPit'OS  4,  .-md  h 
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40 


0  1. 

0 


Feed;  ,  F- 113!  DHN  ! 

!  :  - . i  ■  i'  . :  -  *  -  • 

i  Pressul'e;  lOiatm  i 
:  LHSV-!  100  I  ’ 

;  Reoctton  ThTie;  aejmlnute^ 


I 


160  200 


Average  Pore  Diameter,  A 


Figure  4.  DEHYDROGENATION  OF  DEO.JN:  EFFECT  OF  CATALYST 
PORE  DIAMETER  ON  STABILITY  " 
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MCH  Conversion,  %w 


Figure  5.  DEHYDROGENATION  OF  METHYLCYCLOHEXANE  OVER 
ONE  PERCENT  PLATINUM  CATALYSTS 
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Based  on  the  tests  with  decalin  it  appeared  that  stability  was  affected 
by  catalyst  support  coit5)oaition,  physical  properties  of  the  catalyst,  the  catalyst 
ffietal  coiitenl^  and  composition. 

This  study  is  continuing  with  other  supports  and  metal  ccmpositions. 
Longer  tests  are  being  considered  in  which  the  catalyst  will  be  run  for  50-100 
hours  at  constant  reaction  conditions. 

Dehydrogenation  of  Bicyclo(2.2.g)wctane 

Blcyclo(2,2,2)octane  (BCO)  is  a  monocyclic  naphthene  with  a  C-C  bridge 
across  the  l,h-position.  In  principle  it  can  be  dehydrogenated  to  yield  three 
molecules  of  hydrogen  according  to  the  reaction: 


The  endothermic  heat  of  this  reaction  is  about  1200  Btu/].b  for  the  first  step  and 
possibly  1800  Btu/lb  for  both  steps.  Another  possible  reaction  of  BCO  involves 
small  ring  formation,  thus: 


The  total  endothermic  heat  for  reaction  1  is  estimated  at  about  2500  Btu/lb  and 
for  II  over  1(000  Btu/lb.  Thus  BCO  is  potentially  a  very  attractive  fuel,  even 
though  it  may  be  difficvilt  to  carry  out  the  reaction  beyond  the  first  steps. 

An  exploratory  study  of  the  dehydrogenation  of  BCO  was  initiated  using  our 
pulse  reactor.  In  this  system  a  carrier  gas  such  as  heli’jm  or  hydrogen  flowed 
through  the  reactor.  A  small  amount  of  liquid  feed  (i.e.,  1  wl)  was  injected  into 
the  gas  stream  and  was  carried  through  the  reactor  as  a  "pulse".  Hie  exit  gas 
was  led  directly  into  a  GLC  for  analysis.  The  reactor  was  a  l/4"  O.D.  stainless 
steel  tube  (type  504)  five  inches  long  and  was  heated  by  an  electric  furnace. 

This  reactor  system  is  described  in  detail  in  the  Appendix.  GLC  analyses  were 
made  with  an  F  and  M  Model  5754  chromatograph  using  a  hydrogen  flame  detector  with 
a  160 '  capillary  column  0.010"  I.D.  coated  with  SF96. 

BCO  was  tested  under  conditions  of  both  thermal  and  catalytic  reaction 
at  10  atm  pressure.  One  microliter  of  liquid  feed  was  injected  per  pulse.  BCO 
melts  at  534"F.  Hence,  it  was  dissolved  in  a  solvent  in  order  to  inject  it  into 
the  reactor.  Mesitylene  (l,5,5-trimethylbenzene,  IMB)  and  n-hexane  were  used  as 
solvents.  Ne'LthP'f’  one  was  particul.arly  satisfactory;  both  were  ca taly tically 
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reactive  nnd  gave  reaction  products  similar  to  those  obtained  with  BCG.  The  solu¬ 
bility  of  BCO  in  the  above  sclvents  was  limited  to  about  i  \  TMB  and  40'^  In 
n-hexane. 


Product  identification  was  based  on  GLC  emergence  times  obtained  with 
pure  compounds .  With  BCO  ntvnerous  side  reactions  are  possible  such  as  cracking 
and  dealkj'lation  leading  to  the  formation  of  ben sene, toluene,  ethyl  benzene,  p- 
xylene,  and  their  corresponding  naphthenes. 

Thermal  Reaction 

The  thermal  reaction  was  studied  over  the  temperature  range  of  572° 
to  1202°F  with  both  helium  and  hydrogen  carrier  gas.  Apparent  contact  times  (ACT) 
were  4,2  to  0.2  seconds,  (App8,rent  contact  times  were  calculated  from  the  carrier 
gas  flcrv  rates  and  the  void  volume  in.  the  reactor  tube.  The  void  vol.iime  was  assum¬ 
ed  to  be  one -ha  if  of  the  balk  volume  of  the  qtiartz  c  Ips.)  The  reactor  tube  was 
filled  vi''n  quartz  chips  having  r  bulk  volume  of  2.1  ml.  Feed  was  25'5^'  BCO  in 
mesltylene  (IMB),  Pure  TMB  was  tested  sepsi-ately.  The  complete  data  for  TMB  are 
shown  in  Table  4. 

With  He  carriei  gas  TMB  was  reasonably  stable,  and  at  contact  tiir.es  of 
4.0  and  3*7  seconds,  conversions  of  cvily  8.0'^  and  2.2^  were  observed  at  1202®F  and 
1112“^,  res^jectively  (Table  4).  Lower’  conversiens  were  observed  at  shorter  ACT. 
B-ased  on  .first  order  kixvotlcs  (see  Appendix)  tire  apparent  activation  energy  was 
3T.1  k.  cal/moie  (1202*  to  1112°F;  ACT  ^  3.7  sec).  Figure  7  is  an  Arrnenius  plot  of 
the  data . 


With  Hs  carrier  TMB  was  considerably  more  reactive  than  with  He  at  12C2®F 
but  not  at  lllS^F.  .Uso  the  apparent  activation  energy  was  higher  with  Ha  carrier. 
For  example  with  He  and  a.u  ACT  of  3.7  seconds,  24-5^  conversion  was  observed  at 
1202 ®F  and  only  2.4  at  1112 °F,  which  coiTesponded  to  an  apparei.t  activation  energy 
of  79*2  kcal/mole  (Figuz-s  ?). 

Products  and  product  distributions  appeared  to  be  similar  with  both 
carrier  gases,  based  on  GLC  emergo.nce  times.  With  this  hydrocarbon  the  principal 
reaction  product  appeared  to  be  eth^nl  benzene  (peak  no.  4,  Table  4). 

acO  was  more  reactive  thermally  than  TIdB  by  about  s  factor  of  3  to  4, 
based  on  first  order  rate  constants.  Fijrther,  as  was  observed  with  TMB,  BCO  was 
more  reactive  with  hj>  than  He  at  1202‘’F  but  not  at  1112°F.  The  complete  data  are 
given  in  I'abie  5,  which  shows  tlie  values  for  the  product  analyses  in  parentheses 
and  the  calculated  values  on  a  TMD-free  basis.  These  calculated  values  were  also 
corrected  for  any  contribution  to  the  various  ccanponents  by  thermal  reaction  of 
ITffi,  using  the  data  of  Table  4.  A  typical  correction  calculation  is  shown  in  the 
Appendix.  With  BCO  the  lower  molecular  weight  hydrocarbons  were  the  principal 
reaction  products  (possibly  benzene  or  toluene). 

Activation  energies  with  BCO  were  58.5  kcal/mole  and  74.2  kcal/mole  with 
He  and  Ha,  respectively.  The  data  are  showri  in  Figure  7- 
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n  H2  Carrier  Gas 

O  He  Carrier  Gas 


The  enhanced  reactivities  of  TMB  and  BCO  with  Ha  carrier  gas  co\ild  have 
been  due  to  a  hydrocracking-type  reaction  that  occurred  at  a  significant  rate  at 
1202 “F  bat  not  at  lower  temperatures.  This  would  explain  the  hi^er  activation 
energies  with  Ha  carrier,  as  the  rate  of  disappearance  of  starting  material  at 
the  higher  temperatui'e  with  Ha  would  be  due  to  two  (main)  reactions,  while  with^ 

He  CHily  one  reaction  occurred  (i.e.,  thermal  cracking).  This  effect  of  Hs  carrier 
on  naphthene  reactivity  was  observed  earlier  in  work  with  dimethanodecalin  and 
bicycloheptane.®'  Based  on  first  order  rate  constants  the  reactivity  of  BCO  was 
less  than  that  of  bicycloheptane  (BCH)  by  about  a  factor  of  1.7  to  8,h  vTBblj_6). 


Table  6.  COMPARISON  OF  THSIMAL  REACTION  RATES  OF 

BICYCL0(2.2.1)HEPTA!®  AND  BKYCL0f2.2.2)XTANE: 

- - ' 


Twnperatxire 

°F 

1112 


ACT  =  4.0  to  3.7  seconds  Pressure:  10  atm. 

First  Order  Rate  Constant,  sec x  10® 

bS? 


Carrier 

Gas 


He 

H2 


BCO 

2.8 

2.1 


4.8 

5.0 


1202  He 

Hs 

a)  Table  48,  pg.  107,  reference  5* 


9.2  22.0 

21.4  37.0 


Catalytic  Dehydrogenation 

Dehydrogenation  of  SCO  was  studied  over  the  temperature  range  of  572“  to 
1022*F  with  both  He  and  Hs  carrier  gas.  Two  feedstocks  were  used,  namely,  BCO 
dissolved  in  TMB  and  in  n-hexane.  Four  laboratory  catalysts  were  tested  which 
were  I*?#  Pt  on  AlaOa  (standard  catalyst),  IO860-132C,  10860-l4lA,  and  11657-190- 
In  these  studies  0.25  iiO.  of  catalyst  was  diluted  with  1.0  ml  quartz  chips.  One 
ul  of  liquid  feed  was  injected  per  pulse. 

Two  of  the  catalysts  were  tested  with  the  BCO  in  TMB  feed  (about  ^0%  BCO) 
at  572"752"F  using  He  carrier  gas.  These  were  our  standard  catalyst  and  IO860- 
152c;  152c  was  a  bimetallic  platiruim  catalyst.  Liquid  hourly  space  velocities 
varied  frcxn  172  to  686  based  cm  total  liquid  fed  or  from  52  to  206  based  on  BCO 
fed . 


With  the  standard  catalyst  (lit  Pt),  ■>  BCO  conversion  was  observed  at 
the  higliest  temperature  and  lowest  space  veK'cit  (Table  7)-  Lower  conversions 
were  observed  at  higher  space  velocities  and  lower  temperatures.  This  is  shown 
Pn  Figure  8  which  shows  conversion  as  a  fvmcticn  of  space  velocity  for  each  test 


Table  7  and  Figure  8  follow 
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Table  7.  DEHYKIXENATIOK  OF  BICYCL0(2.2.?.)0CTANE  OVER 
1%  Pt  ON  Ali.0^:  PULSE  REACTOR 

Pressure:  10  atm  Catalyst  No:  10280-44 

Carrier  Gas:  He  Feed:  2T-30jt  BCO  In 
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EHYDROGENATION  OF  BICYCLO(  2,2,2}  OCTANE  WITH  ONE  PERCENT  PLATINUM  ON 

ALUMINA  IN  PULSE  REACTOR 


temperature.  There  was  no  measurement  of  catalyst  deactivation  during  these  tests; 
hence,  the  conversion  values  are  minimal.  Ihe  complete  data  ere  presented  in 
Table  7  in  the  order  in  which  the  tests  were  performed.  Pr..duct  analyses,  calcu¬ 
lated  on  a  TMB-free  basis,  are  shown  in  the  Table  7»  and  the  complete  product 
analyses  are  shown  in  parentheses.  The  calculated  values  were  obtained  assuming 
no  TMB  reaction.  This  will  introduce  a  slight  error  at  the  higher  temperatures, 
as,  in  a  separate  experiment  with  pure  TMB  at  752 °F  (LHSV  =■  172,  He),  it  was  deter¬ 
mined  that  1.6^  TMB  was  converted  to  m-xylene  (0.8^),  toluene  (c.4^),  and  unidenti¬ 
fied  products.  Thi:is  1.6^  should  be  the  maximum  error  due  to  TMB  reaction,  unless 
there  are  synergestic  effects  when  TMB  is  mixed  with  BCO. 

First  order  rete  constants,  calculated  from  conversion  of  BCO,  increased 
with  increasing  space  velocity.  Presumably  this  effect  was  due  to  changes  in 
pulse  shape  with  varying  flow  rate  of  carrier  gas.  Apparent  activation  energies 
were  calcvilated  frcni  the  rate  constants  at  the  same  space  velocity  and  were  15  to 
l8  kcal/mole. 

Product  material  was  principally  benzene  and  other  alkyl  aromatics.  No 
dehydrogenation  products  with  bicyclo  stinictures  were  observed.  This  suggests 
that  with  this  catalyst  ring  opening  at  one  of  the  secondary  carbon  atoms  is  faster 
than  dehydrogenation  of  the  ring,  or  vnat  the  two  reactions  occur  simultaneoiisly. 

Based  on  the  first  order  rate  constants  the  BCO  was  more  reactive  than 
BCH.  A  comparison  of  the  reactivities  of  the  two  naphthenes  is  shown  below; 


Table  8.  COMPARISON  OF  RliACTTVTTTFS  OF 
BICYCL0(2.2.2)0CTANE  Al^ 

B IC  YCLO  (2 , 2 . 1  )hEPTANE  ; 

P'UI^E  Rj^CTCfe 


Temperature,  °F  liCV  First  Order  Rate  Constdnt,  sec~^ 

BCH^^ 

1112  45-57  0.435  0.022 

172-258  0.650  0.070 

a)  Table  51,  pg  115,  Reference  5* 


Preliminary  results  indicated  that  considerably  more  catalyst  poisoning  occurred 
with  BCH,  probably  due  t  >  fonnation  of  cyclopentad iene  structures. 

Catalyst  152C  was  more  active  initially  than  cur  standard  catalyst,  but 
deactivated  appreciably  with  use.  For  example,  initially  .6^  BCO  conversion  was 
observed  compared  to  only  51. with  our  standaixl  catalyst  (572'‘F,  LHSV  =  172). 
How-ever,  at  TSS^F  (after  successive  tests  at  lower  tempera ture .s )  only  58.4^  conver¬ 
sion  was  observed  ccmpared  t  >  Oil  with  the  standard  atalyst.  Finally,  on  return¬ 
ing  to  the  original  test  conditions  (572“F,  lUSV  -  I'i^)  only  10. lit  conversion  with 
132c  was  observed.  Thus,  this  latter  catalyst  had  very  poor  stability  for  BCO 
dehydrogenation.  The  complete  data  are  shof.vn  in  Ttible  9. 


Table  O  fol 1 ows 
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Product  distributions  were  similar  to  those  observed  with  the  standard 
catalyst,  namely  benzene  and  higher  aromatic  homolof;ues.  No  ccmponent  with  a 
bicyclo  stnieture  could  be  definitely  identified  in  the  dehydrogenation  product. 

A  series  of  short  tests  were  made  with  catalysts  10680-14LA  (i41a)  and 
11637-190  (190)  over  the  temperature  range  of  662  1022“?'.  Both  catalysts  contained 
the  same  type  of  support;  l4lA  was  platinum  only  end  I90  was  a  binary  platinum 
mixture.  The  feed  was  38')^'  BCO  in  n-hexane.  Tests  were  made  at  a  single  LBSV  with 
Ke  (LHSV  =  65)  and  Hs  (LHSV  =  I30)  carrier  gas. 

With  catalyst  l4lA  BCO  was  dehydrogenated  to  bicyclooctene  in  low  yield. 
Best  results  were  obtaiiied  at  932°F  with  Ha  carrier,  where  22'jt  BCO  was  converted 
to  bicyclooctene.  Total  BCO  conversion  was  which  gnv''  a  yield  of  bicyclooc¬ 

tene  of  26.44  (Table  lO).  Lower  yields  were  obtained  at  lower  and  higher  tempera¬ 
tures  and  with  Ke  carrier  gas.  The  complete  data  are  presented  in  Table  10. 

Besides  bicyclooctene  the  principal  reaction  products  were  two  unidenti¬ 
fied  components  that  emerged  after  bicyclooctene  and  before  BCO  (iJs  and  U3,  Table 
10) .  plus  a  considerable  amount  of  material  that  emerged  in  the  Cfj  region  o.  the 
GLC  chromatograph.  This  latter  group  could  not  be  successfully  resolved  by  our 
analysis  system  but  appeared  to  be  hexanes,  hexenes,  and  benzene. 

The  emergence  times  of  component  Ua  was  abovit  that  of  p-xylene,  but  the 
emergence  time  for  U3  did  not  correspxind  to  any  of  the  benzene  homologues.  Thus, 
identification  of  these  components  is  pending. 

BCO  conversions  were  about  the  same  with  He  and  Ha  at  T52‘'F  and  lower, 
but  at  higher  temperatures  (932” -1022 °F)  higher  conversions  and  yields  of  hicyclo- 
octene  were  observed  with  Ha. 

Catalyst  I90  was  less  active,  less  selective  for  bicyclooctene,  and  for 
some  reason  appeared  to  be  completely  pwisoned  by  hydrogen  at  842°F  and  lower 
temjjeratures.  For  example,  at  952“F  BCO  conversion  was  77*54  with  He  conipared  to 
only  54  with  Ha.  Furtlier,  at  842°F  there  was  absolutely  no  reaction  with  Ha  car¬ 
rier,  although  with  the  He  30. l4  conversion  was  observed.  Tiiis  is  interesting  as 
this  catalyst  was  designed  primarily  for  dehydrocyclization  of  paraffins  (i.e., 
ring  closure),  in  which  Ha  is  p)art  of  the  system.  Hie  complete  data  are  presented 
in  Table  11. 


In  summary,  bicyclo(2,2,2)octane  was  catelytically  dehydrogenated  to  b;cy~ 
clcKCtene  in  low  yield  in  pulse  reactor  tests.  Hie  I'eaction  was  quite  sensitive 
to  catalyst  propiertles  and  to  reaction  conditions.  With  one  catalyst  bicyclo¬ 
octene  was  formed  with  helium  present  but  not  with  hydrogen,  ana  with  two  catalysts 
containing  platinum  bicyclooctene  was  formed  ith  one  but  not  with  the  other. 
Present  tests  Indicate  that  bridged-ring  naphthenes  can  be  dehydrogenated  but  that 
it  may  take  a  highly  so;^iisticnted  naphthene-catalyst  system  to  effect  dehydrogen¬ 
ation  to  the  corresponding  dienes  or  trienes  with  good  selectivity.  The  work  is 
ccntlnulng  and  other  catalysts  and  BCO  solvents  are  being  considered. 
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Table  iQ.  _ DEHYDROGENATION  OF  BICYCLO(2 .2 .2  )0C1:ANE  OVER  CATALYST  lQ860-litlA 

Pressure;  10  atm 
Feed:  ?8']t  BCO  in  n -Hexane 
Catalyst  Volume;  0.25  ml 
Catalyst  V/t:  0.0966g 
Pulse  Volume:  1  ^il 

Catalyst  Diluted  With  1.0  ml  Quartz  Chips 


Run  No.  11767- 

71-1 

71-3 

72-1 

72-2 

72-3 

73-1 

73-2 

74-1 

74-2 

Carrier  Gas 

He 

He 

Hs 

He 

He 

He 

He 

ns 

Carrier  Gas  Flow  Rate 

cc/min 

150 

150 

:oo 

150 

300 

150 

300 

150 

500 

LFSV 

Total 

172 

172 

343 

172 

343 

172 

343 

172 

343 

BCO 

65 

65 

130 

65 

130 

65 

130 

65 

130 

Furnace  Temp. ,  °F 

662 

^752 - ► 

♦—  842  — ► 

932  — ► 

10 

22 

Product  Analysis,  ^ 
Cs^^d  lighter^ 

86.9 

87.0 

85.4 

71.0 

71.3 

71.2 

Co- 4 

71.6 

75.7 

0.0 

0.6 

0.0 

0.5 

0.8 

°‘^e) 

2.4®^ 

1.5 

2.4®'' 

1.7 

Bicyclooctene 

S") 

0.8 

1.9 

0.8 

3-0 

4.0 

8.4 

6.5 

1.0 

1.2 

2.8 

1.1 

7.5 

0.7 

6.2 

0.8 

5.4 

0.7 

1.4 

1.7 

1.7 

2.5 

1.0 

1.9 

0.9 

0.8 

BCO 

26.5 

25.6 

23.5 

13.3 

13.6 

8.4 

6.3 

3.5 

2.2 

BCO  Conversion, 

51.0 

38.7 

38.8 

65.4 

64.6 

77.9 

83-5 

77.6 

94.2 

BCO  Ccmverted  to  3C0 

2.0 

4.9 

2.0 

7.8^' 

10.4 

0.5 

22.0 

6.5« 

17.0 

Yield  BCO" 

6.U 

12.8 

5.1 

12.0 

16.0 

8.0 

26.4 

8.1 

18.0 

^  Hexane,  hexene,  benzene,  cyclohexane,  and  lighter  than  Co. 

b)  Einerged  before  bicyclooctene  -  unidentified. 

c)  Unident  if '.ed;  emerged  after  bicyclooctene. 

d)  Unidentified;  emerged  after  Ui?. 

e)  Tv,'o  unresolved  peaks:  one  was  b;  cycloocti  ne,  the  other  mey  have  been  bicyclo- 
octadlene- 

f)  Ass’vime  this  ccmjxsnent  is  nil  bicyclooctene. 


In  this  respect  it  is  of  interest  to  test  BCO-MCH  and  BCO-DHN  feed  systems. 
Presumably  interpretation  of  product  analyses  should  be  simplified  as  the  two  pvire 
naphthenes  dehydrogenate  toluene  and  to  tetralin  and  naphthalene  over  these 
catalysts.  These  feeds  <ouid  ?iave  a  practical  application  also  as  successful  dehy¬ 
drogenation  of  BCO  in  tv'k  jji  effect  would  be  extending  the  heat  sink  range  of  this 
latter  naphthene. 

Thermal  Cracking  of  n-Dc-decane  Using  Additives 

There  is  considerable  interest  as  to  the  maximum  amount  of  heat  sink  that 
can  be  obtained  with  a  paraffinic  type  jet  iliel  (JP-Y)*  The  latent  and  sensible 
heat  obtainable  from  this  mo-erial  is  about  1000  Btu/lb  when  heated  to  1300°F.  An 
additional  300  Btu/lb  could  be  obtained  by  thermally  cracking  the  fuel  to  about 
50^  conversion.  Howe  •  uiider  conventional  cracking  reaction  conditions  some 
coke  is  produced,  which  is  undesirable.  Also,  the  rate  at  moderate  tempera t\u?es 
is  too  low.  Under  the  previous  contract  an  investigation  was  initiated  as  to  the 
possibility  of  enhancing  the  rate  of  thermal  reaction  with  concurrent  reduction  in 
coke  make,  asiiig  free  radical  initiating  fuel  additives.  This  work  is  being  con¬ 
tinued  under  the  iJresent  contract. 

The  experiments  were  done  in  the  pulse  reactor,  which  is  described  in 
detail  in  the  Appendix.  In  this  system  a  ttream  of  carrier  gas  flowed  throu^  the 
reactor  continuously.  At  the  desired  time  a  small  amount  of  feed  (ca  1  microliter) 
was  injected  into  the  carrier  gas  stream  and  subsequently  passed  over  the  catalyst 
as  a  pulse.  Reaction  products,  or  a  slip-stream  sample  thereof,  were  led  directly 
into  a  GLC  for  analysis. 

In  these  experiments  uhe  reactor  tube  was  filled  with  quartz  chips  (10-20 
mesh).  Liquid  hourly  space  velocities  were  calculated  based  on  the  bulk  volume  of 
the  quartz  (i.e.,  volume  of  the  empty  tube),  and  the  apparent  contact  time  (ACT) 
was  calculated  based  on  the  void  volume  in  the  tube  (i.e.,  one-half  the  volume  of 
the  empty  tube).  This  is  close  to  the  actual  contact  time  and  is  different  from 
our  calculation  of  ACT  for  catalytic  beds,  which  ignores  catalyst  volume. 

Ihe  tests  were  done  at  10  atm  pressure  and  LHSV  of  6o  using  n-dodecane  as 
the  test  fluid.  Helium  was  used  as  carrier  gas  and  1  ml  of  feed  (n-dodecane  + 
additive)  was  injected  per  pifLse. 

In  the  first  series  of  experiments  fourteen  additives  were  tested  at 
1112‘'F.  The  feed  was  2^  or  less  additive  in  n-dodecane.  (Some  of  the  additives 
were  not  soluble  at  this  concentration.  )  Tiie  results  are  tabulated  in  Table  12. 

Some  of  the  additives  were  effective  in  increa.sing  the  cracking  rate  and 
increases  In  conversions  of  40']^>  to  73^  were  observed  (cl'  165-7,8,5).  Other  addi¬ 
tives  were  inefi’ective  or  acted  as  rate  inhibitors  (cf  165 -2 ,5 , 15  )  •  Tlje  additives 
used  were  organic  compounds  containing  various  Amc tiona?  groups,  and  it  was  evi¬ 
dent  that  some  of  these  gi’oups  were  more  effective  ;.han  others. 

The  reaction  products  were  lighter  than  n-dodecano  and  presumably  were 
cracked  material  (Table  12).  Frixn  GLC  emergence  times  the  priri''ipnl  comptonent 
appeared  to  be  a  Co  hydrocarbon  (peak  N'O.  1,  Table  1 1 )  anci  was  not  identified 

Ta.  ble  la*  follows 
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further.  In  calculating  conversion  it  was  assumed  that  each  molecule  of  dodecane 
reacted  gave  one  molecule  of  product;  hence,  the  conversions  are  maximum  values. 
Product  distributions  did  not  appear  to  be  affected  by  additives,  and  analyses  for 
several  mns  with  different  additives  are  presented  in  Table  12.  No  estimate  of 
coke  make  could  be  made  from  the  pulse  reactor  data. 

These  results  were  similar  to  those  observed  previously  and  the  maximum 
rate  enhancement  was  about  that  observed  in  the  previous  work.  The  best  results 
obtained  thus  far  for  all  additives  tested  showed  that  at  1112°F  the  rate  can  be 
enhanced  by  about  a  factor  of  1.8  with  about  2^  additive. 

In  a  second  set  of  experiments  a  few  additives  were  tested  at  1202°F  using 
additive  or  less. in  n-dodecane  as  feed.  These  additives  had  been  tested  pre¬ 
viously  at  1112“F.^'  The  complete  data  are  tabulated  in  Table  13 t  in  which  the 
values  in  parentiieses  are  those  for  1112°F. 

At  1202 ‘"F  considerably  less  enhancement  of  reaction  rate  was  observed 
than  with  the  corresponding  additives  at  1112°F.  For  example,  with  200-1  and 
119-15  the  overall  conversions  were  increased  by  105']^'  and  62^,  respectively,  com¬ 
pared  to  increases  of  and  at  1202°F.  No  essential  difference  was  observed 
in  product  material  or  product  distributions  at  the  two  temperatures,  nor  was  the 
product  distribution  affected  by  the  additives. 

Presumably  the  overall  rate  of  the  cracking  reaction  was  due  to  free 
radicals  generated  by  (a)  thermal  means  and  (b)  the  additives.  As  the  rate 
enhancement  by  the  additives  declined  with  increased  temperature,  this  suggests 
that  the  activation  energies  for  the  production  of  free  radicals  by  purely  thermal 
means  was  greater  than  that  for  the  generation  of  free  radicals  by  initiators. 

This  work  is  continuing. 

Effect  of  Propane  on  the  Catalytic  Dehydrogenation  of  Methyl cyclohexane 

The  sensible  heat  .sink  of  the  methylcyclohexane  (MCH)  system  could  be 
extended  by  mixing  MCH  with  a  light  hydrocarbon  such  as  propane,  vrhich  wo’ald  lower 
the  iTiCltlne  point  of  the  system.  For  additional  heat  sink  MCH  would  undergo  endo- 
themic  reaction.  Con.sequently  it  was  of  interest  to  determine  if  propane  affected 
the  reactivity  of  MCH  for  dehydrogenation. 

A  mixture  of  ^Oio  proper.,  in  MCH  was  tested  for  MCH  dehydrogenation  in  our 
bench-sc.ale  reactor  at  10  atm  pressure,  8U2-ni2°F,  and  an  LKSV  of  50  (basis  MCH 
fed)  over  ovir  standard  1'^'  Pt  on  AI2O3  catalyst.  Reaction  time  was  ^0  minutes  at 
each  temperature.  Liquid  product  material  was  analysed  by  GLC  and  the  gaseous 
products  by  mass  spectrometer.  The  data  are  shown  in  Table  l4,  which  includes  data 
for  pure  MCH  obtained  vmder  the  same  reaction  conditions. 

Addition  of  propane  enhanced  the  reactivity  of  MCH  at  tlie  lower  tempers - 
tur.-.s  but  not  at  l{'i22"K.  This  is  .shown  more  clearly  oy  Figure  9.  which  .show.s  con¬ 
version  n.s  n  Omctlon  of  block  temperature.  This  suggests  that  oropane  acted  us  a 
diluent,  and  as  such  Improved  the  heat  transfer  to  the  catalyst  resulting  in  higher 
conversions.  At  the  higher  temperatures  it  appeared  that  the  catalyst  was  deacti¬ 
vating,  possibly  due  to  propane  decomposition,  although  no  propylene  or  lighter 
hydrocarbon;;  were  observed  In  the  gas  product.s.  In  earlier  work  with  this  catalyst 
■ind  no  pr.i^vine  present  in  the  Mf'^H  ^'eed,  bS'L  MCH  conversion  was  observed  at  LHSV  of 
10'  atm  pressure?,  and  1112'’F. 

Table  1  d  and  Flgui'e  <9  follows 
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■L  CRACKING  OF  N-DODECANE  USING  ADDITIVES 
Pulse  Reactor!  1202 °F 
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YDROGEN/^TION  OF  METHYLCYCLOHEXANE:  EFFECT  OF  PROPANE  DILUTION 


Table  l4 


DEHYDROGENATION  OF  PROPAt'ffi-METl  YLCYCLOHEXANE  MIXTURE 


:  atalyst:  Pt  an  Al^Oa  Pressure;  10  atm 

ate.lyst  Volume:  7  ml  LKSV;  50  (basis  MCH  bed) 


CATALYST  STUDIES 


We  have  continued  the  study  and  developoient  of  conventional  granular  and 
coating  catalysts  and  the  small  scale  screening  of  catalysts  for  dehydrogenation 
activity  in  the  micro-test  reactor  (MICTR),  which  began  under  a  previous  oon- 
tractl'  Man;/  additional  granular  catalysts  have  beeii  prepared  that  consist  of 

one  or  more  metals  on  various  suppoxts  or  mixtures  of  several  unsupported  metals 
from  in-house  programs.  Improvement  in  dehydrogenaticn  activity  at  high  selectiv¬ 
ity  still  is  being  sought. 

A  number  of  catalysts  consisting  of  1  and  Pt  on  types  1  or  6  supports 
with  various  physical  properties  haxxe  been  pi'epared  in  furtherance  of  the  concur¬ 
rent  MICTR  and  bench-scale  reactor  studies  cn  the  activity-stability  of  dehydro¬ 
genation  of  endothemic  fuels,  namely  MCH  and  decalin.  Included  in  this  study  are 
many  additional  type  1  supports  from  both  commercial  and  in-house  sources  prepared 
In  quantity  for  bench-scale  evaluation.  In  addition,  a  study  has  been  started  on 
stabilization  of  the  activity  of  one  of  tlxe  best  i  supports,  at  1^  Pt  concen¬ 

tration,  by  adding  single  metals  at  different  concentraticsns.  On  this  support 
Pt  has  given  better  activity-stability  than  1^  Pt  in  the  bench -scale  tests. 

These  metals  are  expected  to  suppress  the  coke  forming  side  reaction  that  is 
believed  to  limit  catalyst  life  during  dehydrogenation  reactions  at  low  hydrogen 
partial  pressures.  Bench-scale  testing  has  shown  that  greater  stability  results 
froai  using  a  support  with  small  pore  sizes  and  a  high  platinum  concentratlon^t 
Favorable  information  obtained  from  this  present  study  probaaly  can  be  utilized 
in  creating  coatLng  formulations  with  extended  catalyst  life. 

Study  has  also  been  ijiitiated  in.  improving  the  activity-stability  of 
granular  platinized  type  6  support  catalysts,  a  y<roblem  encountered  in  scale-up 
preparations,  by  using  two  nonalkaline  sources  of  platinum  to  avoid  attack  on  the 
surface  of  the  support. 

Jtudy  has  continued  of  the  improvement  of  catalytic  coatings  for  metal 
surfaces,  such  as  ease  of  application,  meciianicel  properties,  adherence  to  metal 
surfaces,  and  catalytic  activity.  New  formulations  have  been  studied  by  metal 
strip  test  evaluation  and  by  MICTR  tests  of  candidate  coatings  in  ’'latinized  granu¬ 
lar  form.  A  fwssible  subst'tute  for  the  fibrous  type  1  component  in  the  best  older 
formula  t.ioi^  and  which  Is  no  longer  manufactured  has  been  sought  in  a  widely  avail¬ 
able  natural  fibrovis  trviterial  (type  ''()).  Ei'1'oi-ts  have  been  made  *"0  reformulate 
coat.ing  materials  witli  comgmnits  sh  wn  separately  to  be  activity-stable  when 
platinized.  Alro,  the  effvcct  of  1‘iner  grinding  of  the  wet  component  mixtures  has 
been  .ituriied  to  obtain  er  met.al  adhesion  on  drying,  and  to  simpilify  the  formu¬ 
lation.  Idirther,  f . rrmul  « t  i on  uIUi  >00  or  moi  e  preplatinized  comporents  rather 
than  pla tin  izR tion  of  ij  ;  Itu  coatings  has  been  studied  as  a  means  of  obtaining 
more  ex  'Ct  control  .U'  the  ."moun!,  of  impreipaated  pi  tinum. 

Through  Tul,'’.  a  t. rt.a  ]  ol  bS8  catalysts  have  been  prepai’ed  or  obtained 

frun  rropriet  ^  ry  .)r  >  1  ir  'c  ir  1  s  urvcs;  ill  of  these  have  been  screened  in  the 
MICTf  durinr  the  -rrs.-nt  a;  pfust  contracts.  Miost  of  the  catalysts  have  been 
test*  c  in  10-;  .  ne  ;h  tx'rtirie  sizes,  including  many  candidate  coating  formulations, 
and  '  )i  !  :  4"  T)  tainle;;  ;  tuties  ra  ui  ly  tically  coated  internally  have  also  been 
‘.ester  t'rreerrlrig  ba:.:  h»  .n  far  dehydroge!i.etion  activity  of  MCH  to  toluene  witlxout 
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added  hydrogen  at  10  atm  pressure,  100  LHSV,  and  662,  75?»  and  842°F.  llie  same 
pump  rate  (90  ml/hr)  was  maintained  for  tiie  coated  tubes  as  for  the  usual  granular 
catalyst  charge  (0.9  ml  catalyst  diluted  to  2.0  ml  with  granular  quartz).  The 
coated  tubes  have  been  filled  with  quartz  to  create  better  mixing  and  heat  trans- 
f'3r.  All  catalysts  have  been  compered  with  reference  catalysts  987**-“159  or  i'ts 
equivalent  IO860-7O  (l^  Pt/UOP  Fi-8  type  AI-O3).  The  purpose  of  the  screening 
tests  was  to  obtain  a  quick  comparison  with  the  reference  catalyst  so  as  to  deter¬ 
mine  the  more  promising  catalyst  compositions,  and  to  eliminate  catalysts  with 
activities  too  low  or  selectivities  too  poor  to  be  of  practical  importance. 

A  sketch  and  photographs  of  the  MICTR  are  shown  in  Figures  87,  88  and  89 
in  the  Appendix  of  a  previous  report^ '  along  with  a  description  of  the  operational 
details.  Subsequent  modifications  appear  in  a  later  report^'';  more  recently  the 
original  GLC  trace  recorder  has  been  replaced  with  a  Westronics  recorder.  Detailed 
test  data  appear  in  the  Appendix,  Tables  57  and  38,  of  this  report. 

Preparation  and  Evaluation  of  Granular  Catalysts 

Most  of  the  particulate  catalysts  have  been  prepared  by  impregnation  of 
various  supports  (10-20  mesh)  with  one  or  more  metal  salts,  followed  by  drying  at 
126“C  and  reduction  of  the  metal  (or  metals)  in  situ  with  hydrogen  ct  795°F  prior 
to  evaltjation.  Some  of  the  catalysts  were  unsupported  oxide  mixtures  of  various 
types  from  several  in-house  catalytic  programs. 

Typically,  quantities  prepared  were  a  few  grams  for  MICTR  evaluation  with 
MCH,  30-i*O  for  bench-scale  studies  with  endothermic  fuels,  and  JOO-^OO  grams 

for  F^TR  studies  (lo86o-l46  and  147).  Metal  limits  were  usually  between  1  and  4^ 
for  the  supported  catalysts. 

Catalysts  of  the  132,  ll’i,  155,  151,  J33,  159,  l4l,  l42,  158,  165,167,  and 
161  series  wei'e  prepared  at  the  1  and  4^  Pt  levels  on  two  types  of  supports  with 
various  physical  pixjperties.  The  approximate  physical  properties  of  the  supports 
arc  given  in  Table  15.  These  catalysts  were  prepared  primarily  for  activity- 
stability  studies  with  decalin  In  the  bench-scale  reactor,  although  they  were  first 
screened  in  the  MICTR  activity  with  MCH  (Appendi:;,  Tables  57  and  38).  Sti5dy 
of  factor  affecting  activity -stability  has  been  carried  out  primarily  with  grtmu- 
lar  materials,  but  the  factors  are  considered  to  be  likewise  important  in  catalytic 
coatings  on  metals,  also. 

Catalysts  of  the  I88,  I89,  190,  191,  and  19?  series  were  prepared  from  a 
type  1  support  previously  shown  to  be  activity-stable  in  the  bench -scale  reactor 
at  4'5()  Pt  concentration  but  much  less  so  at  l‘)b  Pt  concentration.  Various  metals 
(AA-AE)  at  different  concentrations  were  incorporated  into  this  support  in  an 
effort  to  inorove  the  activity-stability  at  the  lower  Pt  concentration  (i')  and 
to  further  irva-timte  stability  factors.  This  treatment  has  been  directed  toward 
the  suppress  ice.  oi  Cif.c -ir.rtiiing  side  reactions. 

Table  16  summarizes  MICTR  evaluations  ol‘  a  group  of  catalysts  c  ntainiiig 
1  or  4^  Pt  on  type  1,  6,  or  10  supports  with  various  physical  propertie.s  (also 
Table  of  the  Append!'.  )•  Table  17  summarizes  MIC'IR  ev-^'liiation  of  additional 
catalysts  prepared  from  tyve  1  .supports  from  nev’er  sources.  The  first  group  of 

i'able  fo!  i  own 
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APPROXIMATE  PH^ICAL  PHOPERTIIS  OF  VARIOUS  CATALYST  SUPPORTS 
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Surface 
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Original  Configuration 

Density 
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0.584  ^ 

176 

tl 

0.58 

254 

65 

M 

II 
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0.65 
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aj  Does  not  inc'ucle  macro  pore  volume. 

b)  Primary  particles  are  fibrous. 

c)  Commercial  source. 

d )  Tn-bouse  source. 

*^u3!c  dens'ty  p(5wd<=»'> 

r)  with  POii  type  6  binder. 

P )  Iff'  b  ond  ed  ^x^wd  e  r . 
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Table  l6.  MICTR  SCREijI<IN>.‘.  ^  VAHIOIS  PLATINUM  SUPPORTED  CATAL^S'IS  OF 
DIFFERENT  PHYSICAL  PROPERTl^lS 

C^mdlticgis ;  Feed  StocF  MCM,  IJiSV  100,  10  atm  pressiire,  no  added 
ii5''drogt  n.  Tempera tnre  variable.  GLC  samples  taken 
at  5,  3  and  13  minutes,  respectively,  at  each  temp¬ 
erature 


Cat.  No. 
I0660- 

987‘t-159 


S>5!port 

UOP  R-8  type  AlaOa  (Ref.  ) 


wt 

Charged 

0.U5 


Conversion  of  11CH  to  Tolueno,  la 

662  I  T52  1  8te"F 


2k,  22,  24 


50,  46,  4?  70,  70,  TO 


Gran'jles  prepared  from  fibrous  type  1  support. 

Prepared  in  larger  quantities  for  bench-scale  activity-otahil 


catalys  ts  were  pi'edominantly  lat.  .'ier  scale  preparations  of  various  types,  mostly 
with  high  activity,  tmcl  were  tvrepared  primiar lly  to  further  the  study  of  activity- 
stability  In  the  bench-scale  reactor  with  endothermic  fuels. 


Two  general  problems  of  scale-up  were  encountered  with  type  6  support: 


(l)  High  density  type  6  support  i^artieles  decrepitated  extensively  to 
smaller  than  20  mesh  on  impregnation  wi'th  platinous  tetrammine  dihydroxidc,  not¬ 
withstanding  the  prehumidification  of  the  pai'ticles  with  water  (10860-I56A.  and 

j-6) .  'Giis  was  avoided  ^n  subsequent  preparations  {lo36o-io^iA  and  15*!B) 


Table 


by  a  modified  technique..  Catalysts  fTOm  this  support  have  been  showji  in  the  past 
to  be  less  aoti.ve  in  the  MICTR  test  and  less  stable  in  the  bomch* scale  test  vn'.th 
decalin  than  those  prepar-ed  from  Iot  density  tj/pe  tS  support  which  does  not  decrepi' 
bate  on  contact  with  liquid  wav,er. 

(2)  Scale-up  of  type  6  supported  prepai-ations  requires  longer  drying  time 
and  thus  longer  contact  tme,  resulting  from  thicker  catalyse,  layers  deiriiig  evapor- 
aoive  concentration  of  the  highly  alkaliuie  platinum  solution.  This  undoubtedly 
leads  to  greater'  attack  of  the  siliceous  sunface  with  consequent  dissolution  of 
silica  at  the  expense  of  surface  area  contributed  largely  by  the  v/alls  of  small 
pores.  A  glass-like  film  has  been  observed  at  the  evaporating  interface  in  the 
porcelain  dish  during  concentration  of  impregnating  solution.s.  Tlie  experimental 
preparations  designed  to  avoid  this  problem  are  described  belov/. 


Earlier  study  with  small  batches  of  catalysts  consisting  of  1  or  4^  It 
on  low  density  type  6  support  showed  good  activity  for  iMCK  dehydrogenation  in  the 
MICTR,  notwithstanding  the  low  charging  weight  (Table  I8,  catalysts  1086o-114B  and 
ll4c).  Also,  catalyst  ll4c  showed  excellent  activity-stability  on  bench -scale  tests 
with  decalin.  Reproduction  on  a  l’'rger  scale  gave  catalysts  less  active  for  MCK 
dehydrogenation  (l086c-l4lA  and  141b),  and  catalyst  l4l3  showed  poorer  activity 
with  decalin  in  the  bench-scale  test  than  catalyst  il4c. 

Various  factors  have  been  studied  to  elucidate  further  this  difficulty. 
These  results  indicate  that  when  platinum  solution  50  is  used  as  a  so’jtcs  of 
platinxmi  ecually  active  catalysts  are  obtained  regardless  of  whether  the  low 
density  type  6  support  is  used  on  a  ''as  received  basis",  or  is  muffled  in  air  at 
1112°F,  (catalysts  10860-1U9A  and  149B).  Sligntly  higher  ;  ctivity  is  obtained  if 
the  platinum  solution  is  first  neutralized  (catalysts  I0860-149C,  l49P,  and  i66a). 
This  modification  of  the  impregnating  solution  is  expected  to  play  a  more  important 
role  in  activity-stability  with  decalin  in  the  bench-scale  test,  because  scwface 
attr.ck  on  the  type  6  support  by  the  highly  alkaline  platinum  solution  probably 
damages  the  catalytic  surface  more  than  the  neutralized  platinum  solution.  Cata¬ 
lysts  of  equal  performance  to  those  prepared  by  the  latter  solution  have  been 
obtained  when  an  acidic  sovirce  of  platinum  is  used  (No.  51 ).  The  data  shown  in 
Table  18  indicate  that  highly  active  catalysts  can  be  prepared  from  extruded  low 
density  type  6  support  with  good  correlation  of  activity  with  platmum  content 
(10860-1284,  128b,  and  128c). 


Catalyst  I0860-II5  Pt,  9-16  mesh,  spherical  type  1  support),  made  in 
large  quantity  for  FSSTR  studies,  was  found  to  be  less  active  In  the  MICTR  with 
MCH  than  earlier  counterparts  (I0280-I07B  and  91A).  Ttiese  latter  catalysts  had 
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iieen  prepared  on  the  same  suppt'jrt  screened  to  10-16  mesh,  ('Taulc  pp,  runs  IIOO  vn 
1.155  and  4oi).  A  10~],6  mesh  portion  of  catalyst  1.1.3  I'lad  hip:her  activity  (run  1.1l4j 
but  less  so  than  earlie?-  (anintorparts;  tlma  the  pai’ticle  s.ire  ranp;e  wn;'  only  pa.rtly 
ir^afxrnsible.  Heatinp:  of  the  h~l6  mesh  pirtlcles  of  catalyst  li  t  .in  ai.i-  at  93^1' f 
improved  the  activity  somewhat  (rui'i  1130/. 

A  numljer  of  type  1  supported  ca  t-,a1y3ts  containing  di.  .'ferent  amoim  ts 


metal  G  at  a  1:1  v/eight  ratio  with  platinum  have  been  tested  with  MGH  roi  the  ^''VC'  1 
witlaout  added  .liydrogen.  Suitable  control  catalysts  with  the  same  amormts  of  plat  • 
inum  without  metal  G  on  the  same  supports  have  also  been  tested  (Table  .19.)- 
present  M.TCTR  cand,i.Uxan3  tno  audition  of  metal  G  prodi.i.oed,  no  app.-eclabie  iiiiprovcL eit 
in  activity  for  dehydrogenation  of  MCH.  Platinum -metal  G  promoted  catalysts  have 
been  examined  for  activity-stability  with  decalin  in  the  bench- scale  test  apparatus 
results  are  given  earlier  in  this  report. 


Table  19-  EFFECT  OF  MKTAL  G  ON  PEP1-''0RMANCE  OF  PIATir  iiI/TYPE  1  S IMPORTED 
CATALYSTS  VITH  METH^YCLOHEXA.NE  IN 

Conditions:  LK3V  loO,  10  atm.  pressure,  no  added  Hp,  temperature 
variable;  9S7^"139  reference  catalyst. 


Catalyst  No. 

1 

Metals 

MICTR 
Run  No. 

Average  Coriversion  of  MCH  to  Toluene,  'S&w 

i  Pt 

^  G 

662 

732 

842°F 

9874-159 

1 

0 

1105 

26 

47 

72 

IO86O-I29F 

0.5 

1 

1110 

23 

52 

82 

"  I29A 

0.5 

0.5 

1102 

26 

54 

79 

"  I29G 

1 

0 

1111 

24 

54 

84 

'*  I29B 

1 

1 

1105 

27 

55 

78 

"  152c 

1 

1 

1119 

21 

49 

74 

"  129c 

2 

c. 

1115 

23 

51 

60 

"  129E 

4 

0 

1109 

25 

55 

83 

"  I29D 

4 

4 

1107 

25 

56 

87 

9874-139 

1 

0 

1122 

23 

47 

70 

1086o-134a 

0.5 

0.5 

1128 

26 

42! 

65 

”  134b 

1 

_ j 

1 

1129 

21 

45 

65 

Table  21  shows  the  MICTR  evaluations  with  MCH  of  1^  platinized  type  1 
supports  containing  various  amounts  of  several  metalr;  intended  to  improve  activity- 
stability  on  more  rigorous  bench  scale  testing.  Metals  AA  and  AB  with  content 
increasing  from  1  to  4^  decreases  initial  activity  only  slightly  at  752°F  (runs 
1263-1259) •  Metal  AB  produces  a  much  more  pronounced  decline  of  initial  activity 
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or  series  IO860-I88,  I89,  190,  1 


with  inci  eciriinf'  (runs  Metal  AD  at  different  c.oncentrntions 

has  no  approc- i.able  cffoct  on  initlfil  activ'ity  (rv 's  126’J-12.6‘-)) .  Metal  AE  with 
increasing  concentra  tio.'i  decreases  initial  acti\’'ity  cjnly  slightly  at  7'J>2.°F,  acting 
in  a  manner  similar  to  rr.e!.;!lo  AA  and  Ah  (  ims  1270-127^). 


Preparation  of  Catalyst  Coatings  on  Metal  Surfaces 

Stainless  Steel 

A  large  nvunber  of  new  candidate  netal-coati.*g  formiLla  fcions  have  been 
studied-  Most  of  these  have  been  made  by  wet  grinding  the  ingredients  witli  a 
mortar  and  pestle.  However,  im  certain  cases  ball-milling  the  ingredients  together 
has  shovm  to  have  certain  advantages.  Small  portions  of  each  candidate  formula- 
ticn  were  spread  as  thip  coatings,  usually  3*7  mils  thick,  onto  the  smooth  and 
sajLid’olasted  sides  of  degr-eased  stainless  steel  strips,  l/2  x  2",  or  on  almninized 
stainless  strips.  These  coa things  were  di*ied,  calcined,  .md  then  evaluated  for 
coating  tliickness,  metal  adhesion,  and  physical  cvidi ^ion.  A  few  coatings  were 
stored  wet  in  a  humid  desiccator  and  then  subjected  to  similar  tests  .o  check 
their  storability.  A  portion  of  each  original  forrAulatiori  was  dried  and  i  of  fled, 
and  the  10-20  mesh  particle  size  platinized  and  evaluated  in  the  MICTR  with  MCH. 
Activity  at  752°F  is  shown  in  Tables  22  and  23  with  coating  evaluations.  Ccjmplete 
MICTR  test  data  are  given  in  Tables  57  and  'jo  of  the  Appendix. 

In  the  past,  the  more  successful  thixotropic  candidate  materials  were 
applied  to  metal  surfaces  with  freedom  from  cracks  fcc;u  with  guod  adli.i«ion  after 
drvinp  ana  ■’'nj.  j^nd  vrere  t^.  o  f'nt.vtre  R''rraces®'' .  It  was 

fcamd  that  application  of  the  hydrous  fo’"'..i  flat  ions  must  be  i.iade  more  swiftl.  , 
however,  since  these  formulations  dry  out  rapidly  at  room  temperature  while  being 
applied  to  flat  metal  surfacevC.  Coating  of  tubes  internally  ir  less  of  a  pioblem 
since  the  drying  proceeds  at  a  slower  rate..  It  has  been  found  that  this  diffi¬ 
culty  can  be  avoided  by  the  addition  of  10  or  20^  (based  on  dry  solids)  of  deli¬ 
quescent  salt  No.  22,  On  drying  and  thermal  decompo-iition  this  salt  becomes  a 
binder  itself,  and  also  within  certain  limits  can  supplant  p„.rt  of  t  ■-  No.  6  binder 
currently  used.  Examples  of  catalysts  using  No.  22  binder  alono  are  the  10860  ■ 
II9A-D  series  impregnated  with  2  or  3^  platinim  (runs  to  IO87)  and  tube  No. 

28  (run  1088,  Table  $7  of  the  Appendix).  While  activity  '.  .f  the  solid  ca : alysus 
is  high,  this  type  of  formulation  has  poor  '.letal  adherence  and  self  strip.:,  e-asily. 
This  apparently  accounts  for  the  low  a'-tivity  of  l/4"  O.D.  coated  tube  No.  28 
(run  1088).  Coatings  were  made  with  15^  Nu.  6  binder  -  5'^  No.  22  binder  and  10^ 

No.  6  binder  -  10^  No.  22  binder,  which  have  been  used  to  prepare  the  active 
platinized  catalysts  of  series  125  and  126  (runs  IO94  and  1101/.  Melal  adlict.iun 
of  the  formulations  appears  satisfactory.  Demonstration  of  activity  of  a  platin¬ 
ized  coated  tube  was  not  deemed  necessary. 

Some  experimentation  was  carri out  in  which  alkaline  platinum  solutions 
themselves  were  used  as  binders  for  a  powdered  support  with  a  spherical  particle 
shape  (10B60-121  and  123,  runs  IO9I-IO92).  A.lthough  active  catalysts  resulted  on 
platinization,  adhesive  properties  of  this  type  of  formulation  were  poor. 


Tables  22  and  25  follow 
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8y  Splf-stripped  on  dehydration. 

b)  Easily  rubb.'d  off  (continuous  film) 

c)  Platinized. 

d)  Neutralized  impregnating  solution. 
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Tn  past  studies  various  fomu la  iioris  have  been  'used  la  coat  liiO  inlerlor 
walls  of  metal  tubes.  After  drytnu  and  pla r,i aizlni; ,  the  exact,  pi  a  hi ti' mi  layrUiuT. 
could  onlj/  ba  detpririlned  by  removing  part  of  the  coatinp;  and  analyzlnr;  it  for 
platinum  conterit^^.  Anotlier  approach  has  been  studied,  namely  fomulation  in 
which  one  or  more  components  has  been  preplatinized  vritb  an  exactly  knovm  amouirt 
of  platini’m  on  powdered  type  1  or  type  l6  support,  'rhose  wore  then  fonnalated 
with  the  usual  type  6  binder  and  tested  as  10-20  mesh  pranules.  The  adhesive 
propert-''es  and  activities  of  10-20  mesh  tpranulcs  are  shovr,  in  Table  23>  Generally, 
with  a  single  platinized  (either  fibrous  or  particulate)  hype  1  support  -  type  6 
binder  adlierence  to  smooth  stainless  steel  is  poor  but  adherence  to  3n.r,dbla.';.t.ed 
stainless  steel  (IO860-163A  and  IblA)  is  fair.  About  the  same  result.s  were 
obtained  with  a  combination  of  fibrous  and  parxiculate  type  1  supports  (with 
binder)  if  either  the  fibrous  support  was  preplntinized  (IO860-163C)  or  the  parti- 
ctilate  type  1  support  was  preplatinized  (lo86o~l63  and  16ib).  Somewhat  better 
adhesion  was  obtained  if  both  fibrous  and  particulate  type  1  supports  were  pieplat- 
inized  (1086o-'165B).  Platinum  contents  varied  from  1.6  to  y-2.°io  overall  in  these 
catalysts,  and  the  MCH  dehydrogenation  activity  was  as  great  as  or  greater  than 
that  of  the  reference  catalyst.  Similar  experiments  were  conducted  substituting 
preplatinized  fibrous  type  I6  supjport  for  preplatinized  type  1  support,  liie  tyT)e 
16  support  is  attractive  as  a  possible  Su.bititute  for  the  type  1  fibrous  support 
no  longer  manufactured,  a  component  in  the  ternai^’-  40:40:20  type  I  formulation. 

For  comparison,  the  res'cSts  shown  in  Table  23  are  obtained  with  a  type  I6  support  - 
type  6  hinder  (80;20)  which  is  first  dried  ana  Dnen  metallized  v/ith  biiree  concen¬ 
trations  of  platinum  (IO860-160A,  160B,  and  IbOC).  Adhesion  of  the  coating  mater¬ 
ial  is  fair  on  smooth  stainless  rtc'^l  and  better  on  sand  blasted  stainless  steel. 
Hie  activity  of  the  metallized  dry  granules  is  a  little  better  than  the  reference 
catalyst.  If  the  type  16  support  is  preplatinized  (lo86o~l67C)  and  then  bonded, 
about  the  same  adhesive  properties  to  metal  are  obtained.  Activity  io  a  little 
less  than  for  the  ioO  series  of  catalysts  at  the  same  platinum  content.  Prcmuffled 
fibrous  type  I6  supiiort -preplatinized  particulate  type  1  support-type  6  binder 
(40:40:20,  IO860-1731  gives  fair  adherence  to  smooth  stainless  steel  and  good 
adherence  to  sand  blasted  stainless  steel.  Tht  dehydrogenation  activit,;;  is  fa’rl.v 
high,  if  been  supports  srt;  pla tliil,<.Cu  ■arid  t^iTio  6  gq  •nori-tv'T  tn 

both  smooth  and  sand  blasted  stainless  steel  (luooO  1731;  .activity  of  the  nlr  "pr¬ 
ized  gran 'dies  is  about  the  same. 

A  recently  available  type  1  suppe^t  with  exvccllpnt  physica!  rt ic- 

has  been  studied  as  a  coating  candidate  component  and  ha:;  ..du'iwT;  r '/tv- il'-n',  ri  'nil;; 
in  all  respects,  except  for  activity-stability  on  bench  sc.-ile  teats. 

The  data  in  Table  24  show  th.at  substitution  of  this  new  tyry'  'i  supp-wt 
into  the  usual  4c:40:20  formvdation  (type  in  place  of  the  most,  ! y  used 

particulate  type  1  supjtort,  gives  good  adhesion  to  aiuminioed  and  sstsi  ii’.i.'itrs: 
stainless  steel  but  not  to  smooth  stainiess  steel  .surl'ace:;  ( !  ■  dv,- 1- 1  7.  y, ) .  ly  ,,; 
milling  improves  the  adhesion  to  smooth  siufaces  cons  i  derab  j  y  (loHb  Very 

high  MCH  dehydrogenation  activities  are  ohtau>ed  w  .  th  i.-ic  r-t  a  t  in  ;  red  ereioO,,. 
coianterparts  (l0860-177,  17TB,  and  184a).  Fx^uivalent  results  are  ubtaine-i  on  rod 
mil  ■’ ing  the  type  I  formulation  containinr  the  u.suni  type  I  .surnorf,  c;  ,rr m-iiuV' t. 
(IOB60-T8B,  185,  81D,  and  184e}. 
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Quite  diverf'ent  results  are  obtained  on  rod  milling  8<)^  newer  type  1 
support  -  20'jt  t^'pe  6  binder  together  (typ>e  IX  fomulation).  A<ihesion  is  poor  to 
b  'th  smooth  and  sand  blasted  stainless  steel  on  mortar  mixing  but  excellent  after 
I’od  milling  (lo86o-l64  tuid  l8l).  Catalyst  activity  is  high  and  equivalent  in  both 
cases  at  the  same  platinum  content  (io86o-i64a-C,  and  184C).  With  the  previously 
used  co’.mterpart  type  1  support  included,  adhesion  is  equally  poor  after  either 
mortar  mixing  or  rod  milling  with  20']t  type  6  binder.  Again  dehydrcgenation  activ¬ 
ity  is  hi  h  at  thie  same  platinum  content  {IC28O-56A,  10860“l82,  5SA,  and  184d). 
Thus,  the  use  of  the  new  t;yT)e  1  supjxDrt  in  the  type  I  formu].ation  appears  to  give  a 
promising  and  simpler  wall  coating  metal  support  than  the  previous  corresponding 
support.  However,  another  important  factor,  namely  activity-stability,  is  yet  to 
be  determined. 

Satisfactory  adhesion  to  smooth,  sandblasted  and  aluminized  stainless 
steel  surfaces  has  been  obtained  with  fibrous  t;',pe  I6  instead  of  type  1  support 
formulations  f  mortar  mixing  is  used,  but  poor  adhesion  to  a  smooth  surface 
results  with  ball  milling  (I76B  and  I80).  A  small  penalty  in  activity  is  taken 
in  both  cases  (lo86o-177C,  177D  and  184b).  The  activity-stability  of  this  type 
o;  cetaiyst  has  not  been  studied  as  yet  in  bench  scale  studies. 

Altaainum  Clad  Stainless  Steel 


Sources  of  internally  aluminum  clad  stainless  steel  or  Hastelloy  C  tubes 
are  being  sought.  The  oxidized  aluminum  surface  is  expected  to  form  an  even  better 
bonding  surface  than  the  bare  stainless  steel  walls  for  coating  formulations,  and 
may  itself  be  a  suitable  support  for  impregnation  w?  'll  very  thin  coatings  of  metals 
cataiytically  active  for  dehydrogenation  reactions.  Coated  tubes  of  these  types 
should  have  better  resistance  to  thermal  strains  set  up  by  differences  in  themial 
expansion  between  metals  and  catalytic  coating  materials. 

One  type  of  aliuninum  diffusion  alloyed  1/4"  OD  stainless  tubing  was 
obtained  from  Alon  Processing  Company.  These  v/ere  unsatisfactory  in  that  about 
one-half  of  the  tubes  were  plugged  solid,  and  all  tubes  had  rough,  uneven,  and 
very  rusty  internal  surfaces.  The  exteriors  had  a  very  rusty  appearance  and 
'oplouslj'  rhed  rust  flakes.  The  ends  of  tubes  were  magnetic,  more  so  than  the 
v;enters,  apparently  because  magnetic  austenite  was  formed  at  high  temperatures  in 
the  clr.dding  treatment.  Emissicjn  spectroscopy  verified  that  the  material  was 
5C)4  type  stainless  steel,  and  this  was  later  confirmed  via  telephonic  conversation 
with  a  representative  of  Alon  Processing  Company.  The  poor  condition  of  the  tubes 
did  not  warrant  c:atal>''!:ic  coating  studies  with  them. 

Four  stainless  steel  strips  which  had  been  aluminized  on  one  side  were 
obtained  frcxn  the  above  eOi'ipauy,  These  strips  had  the  usual  general  grey  metallic 
api^earance  of  stainless  steel  and  were  free  from  rust.  The  aluminized  sides  had 
a  dull  grey,  rough,  pebblegrain  appearance.  On  heating  in  air  at  1292°F  a  slight 
white  surfacv.  oxidation  was  observable.  Coating  taterial  lo86o-124,  after  drying 
and  muffling,  adhered  well  to  the  aluminized  but  unoxidized  surface  of  a  small 
strip.  The  coating  principally  filled  the  indentations  between  the  pebblegi*ains  . 

In  view  of  the  unsatisfactory  physical  condition  of  the  above  tubes,  no  furtlier 
experimentation  with  coating  them,  catalytically  is  contemplated. 
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Table  2k.  MICTR  EVALUA-TION  AND  METAL  ADHESIVE  PROPERTIES  OF  VARIOUS  PLATINIZED 


Various  stainless  steel  and  Hastelloy  C  tubes  of  different  lengths  and 
diameters  and  several  strips  of  stainless  steel  have  been  obtained  that  are  alum¬ 
inum  clad  on  all  exposed  surfaces.  These  have  been  clad  by  a  proprietary  vacmjm 
diffusion  orocess  (PNA-T3)  by  Pratt  and  Vihltney  Aircraft  Division.  Preliminary 
experiment  3  have  been  carried  out  by  coating  one  side  of  the  aluminized  strips 
with  r  .ore  recent  experimental  coating  fomulations .  These  tests  have  been 
carried  out  at  the  same  time  as  those  v/ith  the  smooth  and  sand  blasted  stainless 
steel  strips,  and  the  data  are  included  iii  Tables  23  and  2k,  Generally,  costing 
adherence  is  about  e  uivalent  to  that  of  sand  blasted  stainless  steel  and  superior 
to  that  of  smooth  .stainless  steel.  Preoxidation  of  tlie  a^'iiminized  surface  in  air 
at  1382 “F  appears  to  increase  slightly  the  tenacity  of  the  coating  adhesion. 


MEASUREMENT  OF  CAT/-  iYTIC  REACTION  KINETICS 

Quantitative  data  on  the  chemical  kinetics  of  MCH  dehydrogenation  have 
been  obtained  previously  in  a  tubular  flow  reactor  with  packed  bed  catalyst.  A 
.single  stoichiometric  reaction  is  involved,  constituting  fairly  simple  kinetics. 

Even  so,  difficulties  were  encountered  with  temperature  and  concentration  gradients 
in  the  packed  bed  and  in  the  catalyst  pellets.  The  gradients  in  the  packed  bed 
were  accounted  for  by  calculating  them  with  a  rather  involved  computer  program, 
and  also  by  attempting  to  minimize  these  gradients  by  changing  the  reactor  geometry. 
The  gradients  in  the  catalyst  pellets  were  not  fully  taken  into  account  and  have 
only  been  fully  appreciated  recently.^'  The  result  of  these  interfering  nonkinetic 
effects  of  heat  and  mass  transfer  is  that  the  true  chemical  kinetics  are  diffictilt 
to  extract  from  the  experimental  data. 

Need  For  Intrinsic  Kinetic  Data 

A  legitimate  Question  that  could  be  raised  is:  Why  is  it  necessary  to 
determine  the  true  chemical  kinetics?  Since  in  the  full  scale  reactor  heat  trans¬ 
fer  and  mass  transfer  effects  will  be  present,  why  not  just  run  the  experiments  at 
the  desired  conditions  and  fit  a  model  to  the  resxilts,  regardless  of  whether  the 
effects  are  due  to  mass  trsinsfer,  heat  transfer,  or  the  intrinsic  chemical  kinetics? 
The  answer  stated  simply  is  that  is  is  extremely  difficult  (often  impossible)  to 
exactly  simulate  the  conditions  of  the  final  application.  FurthcTOore,  if  one 
were  to  obtain  such  a  model  based  on  tliis  completely  empirical  approach,  extrapola¬ 
tion  of  the  m^el  to  conditions  other  than  those  of  the  experiments  would  be  highly 
questionable  As  a  straightforward  example,  consider  an  experiment  performei  to 
measxire  the  r<- te  of  chemica]  reaction  using  a  catalyst  pellet  l/4"  in  diameter. 

One  could  certa'nly  measure  this  quantity  and  fit  a  chemical  kinetic  model  to  it. 

Ttie  problem  wou^d  arise  if  the  measured  rate  of  reaction  was  affected  by  the  rate 
of  difAislon  of  reactants  and  products  through  the  pores  of  the  catalyst.  An 
attempt  to  use  the  kinetic  expression  for  the  same  catalyst  as  a  1/8"  diameter 
pellet  would  fail,  since  the  diffusion  would  occur  much  more  rapidly  tlian  before, 
resulting  in  a  higher  net  rate  of  reaction.  The  kinetic  model  would  not  predict 
this  since  the  pellet  size  and  shape  Is  not  part  of  the  kinetic  expression.  A 
similar  problem  could  occur  by  changing  the  velocity  of  the  fluid  flowing  past  the 
catalyst.  This  can  change  the  rate  of  heat  and  mass  transfer  to  the  catalyst 
pellet  and  thereby  the  apparent  rate  of  reaction,  whereas  a  kinetic  model  would 
not  account  I'or  this  and  would  miss  the  effect  entirely.  A  broad  experimental 
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study  could  be  made  of  the  effect  of  all  of  the  important  variables  in  the  reactor 
such  as  reactor  configiiration,  pellet  shape  and  size,  catalyst  comix>.eition  and 
structure,  and  fluid  pressure,  temperature,  and  velocity.  But  one  rapidly  finds 
that  an  enormous  amount  of  experimental  work  would  be  required,  and  the  resulting 
model  would  simply  be  a  device  for  representing  the  data. 

A  more  satisfactory  procedure  is  to  separate  the  different  processes 
which  occur,  study  each  independently,  and  then  recombine  them  to  form  a  model 
which  often  has  a  sound  fundamental  basis  and  can  be  used  fairly  confidently  to 
calculate  results,  even  in  regions  where  experimental  data  are  not  available.  In 
heterogeneous  catalysis,  there  are  several  processes  which  can  often  be  separated. 
Much  is  known  about  the  rate  of  heat  and  mass  transfer  to  and  from  inert  particles 
(e.g.,  spheres).  This  information  can  be  applied  to  a  model  of  the  processes  sur¬ 
rounding  a  sjjherical  catalyst  pellet.  Models  are  also  available  for  the  rate  of 
diffusion  in  the  pores  of  the  catalyst  and  the  rate  of  heat  transfer  within  the 
catalyst  pellet.  Also,  much  information  is  available  on  the  mechanisms  of  cataly¬ 
tic  chemical  reactions.  Assxjjning  one  can  obtain  kinetic  information  in  the  absence 
of  the  interfering  effects  of  heat  and  mass  transfer,  mechanistic  models  can  be 
proposed,  tested,  evaluated,  and  fitted.  Once  a  good  mechanistic’  model  is  found 
which  relates  the  rate  of  reaction  to  concentrations,  pressures,  and  temperatures, 
then  the  models  of  heat  and  mass  transfer  can  be  applied  to  result  in  a  reasonable 
mathematical  model  with  the  desired  characteristics. 

Design  of  Experimental  Reactors 

The  problems  in  designing  a  laboratory  reactor  for  catalytic  chemical 
kinetics  has  been  widely  discussed  in  the  literature. The  problems  are 
exactly  those  described  above.  A  system  is  required  in  which  the  interfering 
effects  of  heat  and  mass  transfer  are  either  absent  or  mathematically  describable. 
The  reactor  type  used  in  the  traditional  approach,  and  the  one  used  in  this  in¬ 
vestigation  in  the  past,  has  been  a  packed  tubular  reactor.  The  problems  with 
this  reactor  are  that  the  flow  patterns  are  ccmplicated,  and  there  are  invariably 
appreciable  temperature  and  cancentration  gradients  bwoween  catalyst  particles  as 
well  as  within  particles.  Also,  the  reactor  produces  integral  rate  data  and  not 
the  rate  at  a  particular  set  of  conditions.  Differential  reactors  are  sometimes 
used  to  eliminate  the  last  problem,  but  errors  in  the  chemical  analysis  lead  to 
large  errors  in  rates.  To  remedy  these  problems  two  different  kinds  of  re;  tors 
have  been  developed:  the  recycle  reactor  and  the  catalytic  continuo’s  sti:  ed 
tank  reactor.  In  both  the  conditions  of  reaction  are  uniform  and  wc  L  defined, 
and  many  of  the  heat  and  mass  transfer  problems  can  be  eliminated.  In  both  reac¬ 
tors  the  reaction  rate  is  measured  directly  from  the  conversion  and  the  flow  rates. 

A  recycle  reactor  consists  of  a  small  amount  of  catalyst  exposed  to  a 
f].awing  stream  of  reactant,  most  of  which  is  being  recycled  past  the  catalyst. 
During  each  cycle  only  a  small  amount  of  conversion  is  occurring,  but  the  total 
conversion  of  feed  to  product  can  be  as. high  as  desired  for  easy  analysis.  Such 
reactors  have  been  used  by  Butt  et  al.®'  and  Perkins  and  Rase®-'.  About  the  only 
problem  with  this  kind  of  reactor  is  the  pump  used  t j  recycle  the  fluid.  It  must 
meet  rigid  standards  of  noncontamination  and  be  able  to  with.stand  the  opei'atlng 
conditions.  Bemai'd  and  Teichner^®-'  describe  a  novel  pump. 
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A  catalytic  continuous  stirred  tank  reactor  (CCSTR)  has  essentially  the 
same  advantages  as  the  recycle  reactor.  In  this  tjy'pe  the  catalyst  is  either  con¬ 
tained  its  the  impeller  or  is  mounted  on  the  wall,  and  the  reactant  enters,  becomes 
well  mixed,  reacts,  and  leaves.  Again,  virtually  any  conversion  is  feasible. 
Reactors  of  this  type  have  been  used  by  several  workers}^ The  problem  here  is 
one  of  agitation.  Sufficient  agitation  must  be  supplied  to  the  fluid  phase  to 
ensui'c  complete  mixing.  In  a  high  temperatiire,  high  pressure  system  special 
enuipment  is  re iuired.  Since  this  type  of  reactor  has  been  foxmd  to  work  well  at 
high  temperatures  and  pressures,  we  have  chosen  it  for  our  work  on  the  dehydrogena 
tion  kinetics  of  the  MCH  and  decalin  systems. 

The  catalytic  continuous  stirred  tank  reactor  which  we  have  designed  will 
be  a  modification  of  one  of  our  existing  standard  reactors  made  by  Autcxilave  Engin 
eers.  The  agitation  will  be  supplied  by  a  magnetic  drive  with  speeds  up  to  about 
2000  3T)m.  The  reactor  is  designed  to  operate  to  1000  psig  at  lOGO^F.  It  will  be 
constructed  of  Inconel  and  be  about  1  liter  in  size.  The  impeller  will  be  con¬ 
structed  of  -parallel  screens  containing  catalyst  pellets. 


MATHEMATICAL  MODEL  OF  CATALYTIC  WALL  REACTOR 

A  mathematical  model  has  been  developed  for  our  catalytic  wall  reactor 
(CWR),  The  model  should  be  useful  in  analyzing  our  experiments  and  in  estimating 
the  effects  of  changes  in  operating  conditions,  reactor  geometry,  and  catalyst 
composition.  The  model  assumes  that  the  fuel  flows  turbulently  through  a  tube 
which  has  a  -thin  coating  of  catalyst  on  the  wall.  'Hie  fuel  is  assumed  to  be  well 
mixed  radially  so  that  the  hulk  flow  may  be  considered  to  be  one-dimensional.  The 
heat  is  assumed  to  be  applied  by  generation  in  the  tube  wall,  since  that  is  how 
it  is  done  in  the  experiments  with  the  Fuel  System  Simulation  Test  Rig  (FSSTR). 

The  heat  transfer  between  the  outside  of  the  tube  and  the  environment  is  given  as 
a  boundary  condition.  The  model  then  accounts  for  the  heat  transferred  radially 
between  the  tube  wall  and  "the  catalyst  layer,  and  be'tween  the  catalyst  layer  and 
■the  bulk  fluid  flow.  It  also  calculates  the  axial  temperature,  pressure,  and  con¬ 
version  profiles. 

Model  Development 


The  equations  for  the  bulk  gas  and  for  the  tube  wall  were  adapted  from 
those  derived  previously  for  -the  regenerative  heat  exchanger  model. The  equa¬ 
tions  describing  the  bulk  fluid  flow  result  from  a  one -dimensional  momentum  bal¬ 
ance,  an  energy  balance,  and  a  mass  balance  (see  Appendix); 
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where 


d  =  inside  catalyst  diameter 
p  =  fluid  density 
P  =  total  pressure 
Z  =  axial  distance 
T  =  temperature  of  bulk  fluid 
G  =  mass  flux  of  fluid 
f  =  Fanning  friction  factor 
Cp  =  fluid  specific  heat  at  constant  pressure 

=  heat  flux  from  fluid  to  catalyst  layer  (based  on 
inside  diameter  of  catalyst) 


Equations  (l)  and  (2)  may  be  solved  for  the  derivatives  of  P  and  T  with  respect 
to  Z: 
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Equations  (j)  and  (4)  are  integrated  numerically  to  give  axial  temperature  and 
pressure  piroflles  of  the  bulk  fluid  flow.  Ihe  following  data  are  renuired  to 
solre  these  equations: 

1.  The  density  at  each  axial  position. 

2.  The  partial  derivatives  of  the  fluid  density  with  respect  to  pressure 
and  temperature. 
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3.  The  heat  capacity  at  constant  pressure- 
U.  The  Fanning  friction  factor. 

5.  Tlie  rate  of  heat  transfer  to  and  from  the  catalyst  layer. 

6.  The  composition  of  fluid  at  each  axial  position. 


The. required  physical  properties  are  calculated  hy  techniques  di.<3cussed 
oreviously.^ '  In  addition  to  density,  density  derivatives,  and  heat  capacity,  the 
viscosxty  and  tiiermai  coaauctivity  must  he  calcuxated.  Suiteel-  s;d,f -.-.ui'cet 


written  to  do  this, 
presented  by  Koo^”^', 


The  Fanning  friction  factor  is  calculated  by  the  equation 
modified  slightly: 


f  =  O.OOlU  + 


(5) 


vjhere 

Re'  =  modified  Reynolds  number  =  (dC/u)  {t/T.) 
p  =  viscosity  at  wall 
T  =  bulk  absolute  temperature 
Ti  =  wall  absolute  temperature 


The  rate  of  heat  transfer  is  based  on  fiLm  theory  using  the  Dittus-Boelter  corre¬ 
lation  for  the  heat  transfer  coefficient: 

h  =  0.025  T  (Re)°’^  (Pr)°‘^  (6) 

d 

where 

h  =  heat  transfer  coefficient 
k  *  thermal  conductivity  of  film 
Pr  =  Prandtl  number  of  film 
Re  =  Reynolds  number  of  film 


The  differential  equation  describing  the  conversion  is  derived  in  the  Appendix. 
The  equation  is 


dx  r 
dZ  ^  m 


(7) 
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where 


X  =  number  of  moles  reactant  converted  per  unit  feed 
r  -  rate  of  reaction  per  unit  volume  of  catalyst  (kinetic  expression) 
ill  =  total  mass  flow  rate 
Vp  =  volume  of  catalyst  per  unit  length 


rne  temper*’ t'OTeo  in  the  catalyst  layer  and  in  the  tube  wall  are  calculated 
az^uming  that  the  rate  of  heat  generation  or  absorption  is  uniform  across  each 
section.  With  this  assumption  analytical  expressions  may  be  derived  (see  Appendix) 
for  the  temperature  rise  across  each  section,  and  the  average  temperatures  can  be 
estuuttteu.  Tne  oeiupera ture  rise  across  the  catalyst  layer  is  found  fron 


And  the  temperature  rise  across  the  tube  wall  is 


^2. 


(8) 


where 

AT^at  "  temperature  increase  from  inside  to  outside  of  catalyst  layer 

qj^  =  heat  flux  to  chemical  reaction,  based  on  inside  tube  area 

ya  =  inside  radius  of  tube 

=  therjiial  conductivity  of  catalyst 
yi  =  inside  iradius  of  catalyst  layer 

qi  =  heat  flux  from  fluid  to  catalyst,  based  on  inside  tube  area 
^wall  “  temperature  increase  from  inside  to  outside  of  tube 

=  heat  flux  of  heat  generated  in  tube  wall,  based  on  inside  tube  area 
k  =  tliermal  conductivity  of  tube  wall 
y3  =  outside  radius  of  tube 

qi  =  heat  flux  from  outside  of  tube  to  ambient  conditions,  based  on 
inside  tube  area 
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The  averap:e  temperatures  in  the  catalyst  and  the  wall  are  estimated  by  assuming 
that  the  temperature  differences  can  be  divided  into  a  generation  part  (terms 
involving  and  and  a  transfer  part  (terms  containing  qi  and  q:^).  Heat 
generation  leads  to  approximately  parabolic  temperature  profiles,  while  heat  trans 
ferred  leads  approximately  to  linear  profiles.  The  average  temperatures  then  are 
fcuTid  by  using  l/j  of  the  difference  due  to  generation  and  l/2  of  the  difference 
due  to  transfer. 

At  the  present  time,  the  model  assumes  that  there  is  no  dlffusional 
resistance  between  the  bulk  fluid  and  the  interior  of  the  catalyst.  In  the  lan¬ 
guage  of  catalysis,  this  assumes  external  and  internal  effectiveness  factors  of 
one,  and  can  be  approached  by  high  fluid  velocities  and  thin  catalyst  layers. 

The  calculation  of  x&dial  heal:  fl”x<=-s  and  temnerature  profiles  in¬ 
volves  a  trial  and  error  procedure  as  follows: 

1.  The  average  catalyst  temperature  is  assumed. 

2.  The  rate  of  reaction  is  then  calcxilated  from  the  kinetic  expression. 

3.  The  heat  absorbed  by  the  reaction  can  then  be  calculated. 

4-.  The  heat  flux  from  the  tube  wall  to  the  catalyst  is  found  as  the 
difference  between  the  heat  generated  in  the  tube  wall  and  the  heat 
lost  frexn  the  outside  of  the  tube. 

5.  The  difference  between  the  heat  flux  from  the  tube  wall  to  the 
catalyst  and  the  heat  absorbed  by  the  reaction  is  the  heat  flux 
between  the  catalyst  and  the  fluid. 

6.  Knowing  the  temperature  of  the  fluid  and  the  heat  flux  to  or  from 
the  fluid,  the  temperature  of  the  inside  catalysi:  surface  can  be 
found  using  the  Dittxis-Boelter  equation. 

7.  Assuming  that  the  heat  absorbed  by  the  reaction  is  constant  radially, 
the  radial  temperature  profile  may  be  calculated  by  equation  (8). 

8.  Then  an  improved  value  of  the  average  reaction  temperature  can  be 
found  by  a  simple  convergence  procedure,  and  the  process  is  repeated. 


The  key  assumptions  in  this  calculation  are  that  the  average  reaction  rate  takes 
place  at  the  average  temperature  sind  that  the  heat  uptake  oy  the  reaction  is 
uniform  radially.  Neither  assumption  is  strictly  true.  The  reaction  rate  is  an 
exponential  function  of  the  temperature  so  that  the  average  temperature  will 
underestimate  the  average  rate.  The  other  assumption,  however,  tends  to  counter¬ 
act  the  error.  Since  the  reaction  is  endothermic,  the  hotter  part  of  the  catalyst, 
where  the  reaction  occurs  faster,  is  cooled  mo.’'e  by  the  reaction,  thereby  reta'^- 
ing  the  rate. 
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Application  to  Methylcyclohexane  Dciiydrogenatlon 


Only  two  experiments  have  been  performed  with  catalytic  wall  reactors 
under  realistic  flow  conditions.  The  runs  were  made  in  the  FSSTR  and  were  reported 
earlier.^'  Test  series  IOOI8-I67  was  chosen  for  comparison  with  the  n\odel.  The 
experiments  were  conducted  at  thi'ee  x)ox/er  input  levels:  0,  95,000,  and  195,000 
Btu/hr-ft^,  all  at  860  psig  pressure  and  930°F  fluid  inlet  temperature.  The  feed 
rate  was  19-7  lb  MCH  per  hour,  which  gave  a  Reynolds  number  of  about  100,000  in  the 
highly  turbulent  flow  regime. 

The  computer  program  required  the  heat  losses  to  ambient  conditions, 
which  were  obtained  from  the  measui’ed  outside  wall  temperatures  during  the  run 
and  a  knowledge  of  heat  losses  as  a  fimction  of  temperature,  which  had  been  ob¬ 
tained  experimentally  under  no  flow  conditions-  Ihe  critical  constants  of  methyl- 
and  toluene  were  supplied  along  with  a  set  of  pseudocritical  constants 
for  hydrogen: 

Tg  =  i^3-6°K 

Pq  =  20.2  atm 

=  51 *5  cm®/gmole 

Tfiese  constants  for  hydrogen  yield  more  accurate  res'olts  than  the  true  ones  for 
corresponding  states  correlations.  The  thermnl  conductivity  of  the  catalyst  was 
estimated  to  b'  O.15  Btu/hr-ft-^F,  based  on  data  of  Sehr^®'  on  similar  catalysts. 
The  thermal  conductivity  of  the  tube  wall  was  calculated  by 

k  =  7.33  +  0.00458  T,  (10) 

w 


where 


T^,  =  temperature  of  the  tube  wall,  °F 


The  kinetic  expression  used  was  that  obtained  from  packed  bed  experiments: 


.2) 


r 


1  +  kac 


'H''e  / 


(11) 


where 


r  =  i^te  of  reaction  of  MCH  per  unit  volume  of  catalyst,  lb  mole/hr-ft® 
catalyst 

c  =  ccmcentration  of  MCH,  lb  mole/ft® 
ki  =  Ai  exp(Bi/RT) 
ka  =  As  expCBa/RT) 

=  partial  pressure  of  toluene,  atm 

pjj  =  partial  pressure  of  ^lydrogen,  atm 

Kg  =  A3  expCBa/RT) 
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R  ---  iinivers;*!  (■'as  constant  -  1.987  Btu/lb  mole  -"R 
T  =  absolute  temperature,  °R 
Ai  -  ^^.4  X  10^  hr'^ 

Bi  -  -SOOO  Btu/J.b  mole 
As  =  4.5  x  10“®  ft^/lt  mole 
Ba  =  54,000  Btu/lb  mole 
A3  -  4.0  X  10^°  atm'" 

Bo  =  -92,500  Btu/lb  mole 


It  was  found  that  50  integration  steps  were  sufficient  to  obtain  an  accurate  solu¬ 
tion  to  the  equations. 

The  results  usinr  the  pa'’ked  bed  kinetic  parameters  are  summarized  in 
fjLKure  lu.  The  conversion  of  MCH  at  the  three  different  power  levels  is  shown, 
as  is  the  outlet  fluid  temperatures.  The  experimental  values  are  represented  by 
the  discrete  points,  and  the  calculations  by  solid  lines.  As  can  be  seen,  the 
conversions  are  calculated  much  lower  than  tliose  foimd  experimentally.  The  fluid 
tempera tu>-es  are  therefore  much  higher,  since  the  transferred  heat  not  absorbed  by 
reaction  must  heat  the  fluid.  Ihe  fact  that  the  conversions  are  calciilated  too 
low  indicates  that  either  the  catalyst  temperatures  are  calculatfeu  too  low  or  that 
the  kinetic  expression  predicts  a  rate  which  is  too  low.  The  first  possibility 
can  be  eliminated  since  the  wall  temperatures  are  calcvilated  much  higher  than  those 
observed  experimentally,  and  as  a  result  the  catalyst  temperatxires  are  actually 
predicted  too  high.  Therefore  the  packed  bed  kinetic  parameters  predict  too  low 
a  rate  of  reaction.  This  is  probably  due  to  pore  diffusional  limitations,  which 
are  calculated  to  be  appreciable  in  the  catalyst  pellets  used  in  the  packed  bed. 

Ihe  thin  layer  of  catalyst  used  in  the  catalytic  wall  experiments  (3  mils)  would 
not  show  the  same  diffusional  limitations. 

Several  variations  in  the  parameters  Ai,  Bi,  As,  and  B2  were  made  to 
determine  their  effect  on  the  results.  The  most  reasonable  results  with  the 
least  effort  were  obtained  by  increasing  the  value  of  Ai  only.  A  value  of  50.  x 
10®,  rather  than  5.4  x  10®,  gave  the  best  agreement  with  the  data.  The  results 
are  sliown  in  Figure  11.  The  conversions  at  the  two  higher  power  lovuls  are 
calculated  slightly  too  high.  Tne  outlet  f].viid  temperatures  are  also  too  high, 
indicating  a  small  error  in  the  heat  balance.  The  fluid  temperature  at  zero  power 
level  is  4o°F  high,  which  is  somewhat  greater  than  the  others.  In  general,  though 
the  results  are  encouraging.  Ihe  lack  of  heat  balance  is  easily  explained  by  a 
loss  of  heat  between  the  points  at  which  the  fluid  temperatures  are  measured  and 
the  beginning  and  end  of  the  reactor,  which  is  not  included  in  the  calculations. 

If  910°F  is  used  as  the  entering  temperature,  instead  of  950°F,  the  heat  balance 
checks  out.  Figure  12  shows  the  result  for  using  910°F  initial  fluid  temperature. 
The  calculated  temperatures  and  conversions  agree  quite  well  with  the  experiments 
at  the  two  higher  power  levels,  and  are  not  very  far  off  at  zero  power. 

A  comparison  between  the  calculated  and  experimental  outer  tube  tempera¬ 
tures  is  shown  in  Figure  13 •  The  agreement  is  not  excellent,  but  except  for  the 
first  few  inches  the  results  agree  within  4o“F.  It  became  apparent  during  the 
experimental  run  that  scxnething  was  wrong  with  the  first  4  inches  ol  cc+aiyst. 

The  outer  wall  temperatures  climbed  steadily  with  time  indicating  that  the  cotalyst 
was  deactivating.  This  could  be  explained  in  terras  of  coke  formation  on  the 
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catalyst;  however,  the  phenotnenon  affected  only  the  first  four  inches  and  appar¬ 
ently  did  not  progress  downstream.  It  was  not  clear  wliy  the  apparent  lack  of 
activity  only  occurred  in  the  initial  region  of  the  reactor.  Part  of  the  answer 
may  lie  in  an  indication  that  the  catalyst  was  thicker  in  this  region.  Outer  tem¬ 
perature  profiles  were  obtained  during  the  activation  of  the  catalyst  with  hot 
nitrogen  gas.  The  profiles  for  no  input  power  and  a  low  power  level  are  shown  in 
Figure  lU.  At  no  power  input  the  initial  temperatures  appear  to  be  too  low.  When 
power  was  applied,  the  temperatures  appeared  to  be  too  high.  This  seems  to  indi¬ 
cate  that  the  catalyst  was  thicker  in  the  first  four  inches  of  length,  which  would 
cause  at  least  part  of  the  greater  temperatxxre  differences  observed.  However, 
this  apparent  lack  of  activity  may  also  be  due  to  lower  partial  pressure  of  hydro¬ 
gen  or  poisoning  of  the  catalyst  at  the  inlet  end  of  the  reactor.  Further  experi¬ 
ments  are  clearly  in  order  to  resolve  this  question. 

The  fluid  pressure  was  measured  to  be  86o  psig  at  the  end  of  the  reactor 
for  all  three  power  levels.  This  pressure  was  calculated  ly  the  model  to  be  855 > 
851,  and  81^8  psig  in  order  of  increasing  power  input. 

Accuracy  of  Predicted  Reaction  Rates 

In  an  effort  to  check  the  effect  of  the  several  assumptions  concerning 
the  temperature  profile  and  rate  of  reaction  in  the  catalyst  layer,  a  detailed 
calculation  of  the  radial  variations  was  carried  out.  A  set  of  conditions  at  the 
195,000  Btu/hr-ft^  heat  flux  during  experimental  run  IOOI8-16T  was  used,  llie  CWR 
model  gave  an  average  reaction  rate  of  10,600  Ibmole/hr-ft^  cat.  and  an  average 
reaction  temperature  of  911°F.  The  inner  and  outei’  surfaces  of  the  catalyst  were 
calculated  to  be  892  and  1006®F,  respectively.  These  conditions  were  determined 
for  a  position  0.057  ft  frcm  the  entrance  of  the  reactor. 

The  differential  equation  for  the  radial  temperature  profile  of  the 
catalyst  is 


d^T  ^  dT  _  r^R 

dy2  y  dy  kc 

where 

T  =  temperature  of  catalyst,  ®F 
y  =  radial  distance,  ft 
r  =  reaction  rate,  Ibmole/hr-ft^ 

=  heat  of  reaction,  Btu/lbmole 
k(,  =  thermal  conductivity  of  catalyst,  Btu/hr-ft-F 


“Hiis  equation  was  integrated  numerically  using  the  inner  catalyst  surface  tempera¬ 
ture  of  892“F  and  tiie  known  heat  flux  at  the  sxirface  between  the  catalyst  and  the 
tube  wall.  The  temperatxare,  the  reaction  rate,  and  the  concentration  were  allowed 
to  vary  during  the  integration.  The  results  for  the  temperature  profiles  are 


Fig\ares  10  through  l4  follow 
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ion  of  MCH 


afure,  “F 


900  .«» 


Power  Input,  Btu/'^r  x  10“^ 

Figure  11.  METHYLCYCLOHEXANE  DEHYDROGENATION  IN  A  WALL  CATALYST 
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Axial  Distance,  inches 


Figure  13.  OUTER  WALL  TEMPERATURES  DURING  METHYLCYCLQHEXANE 
DEHYDROGENATION  IN  A  WALL  CATALYST 
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Figure  14.  OUTER  WALL  TEMPERATURES  DURING  AgiVATION  OF  WALL  CATALYST 
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shown  in  Figure  15.  As  was  expected  the  temperatures  resulting  from  the  radially 
integrated  equation  gave  a  flatter  profile  (solid  curve),  reflecting  the  additional 
cooling  in  the  region  of  highest  temperature.  The  profile  resulting  from  the 
analytical  solution  in  the  CWR  model,  assuming  uniform  heat  sink  (dashed  line), 
gave  more  temperature  variation  and  a  higher  outer  surface  temperature. 

The  average  temperature  of  the  catalyst  calculated  by  the  radial  integra¬ 
tion  is  900°F,  and  the  reaction  rate  is  9500  Ibmole/hr-ft®.  This  corresponds  to 
an  error  in  the  CWR  model  calculation  of  about  1.2^  in  the  temperature  and  about 
l4^  in  the  reaction  rate  and  conversion.  The  results  were  obtained  by  cc«nparison 
with  the  experiments  at  the  most  extreme  conditions  we  have  ran.  At  lower  heat 
flvixes  the  errors  should  be  less.  One  solution  to  this  problem  would  be  to  inte¬ 
grate  radially  as  we^l  as  axially;  however,  the  execution  times  probably  would 
b  ome  excessive.  Instead,  there  may  be  a  way  to  obtain  a  better  estimate  of  the 
a. erage  reaction  temperature  without  resorting  to  this  two-dimensional  approach. 


DEHYDROGENATION  OF  DECALIN  IN  THE  FUEL  S^TEM  SIMUUTION  TEST  RIG 


The  reactor  (3/8"  OD  x  O.Oit-9"  wall  x  24'*  long  Hastelloy  C)  used  in  these 
tests  has  been  vised  previouslj'-  in  this  program.  However,  during  its  last  use  a 
leak  developed  in  one  of  the  welds  and  this  had  to  be  repaired.  Since  several  of 
the  attached  thermocouples  were  also  damaged,  the  ceramic  coating  was  completely 
removed  from  the  tube  and  all  couples  were  replaced.  A  sketch  of  the  reactor  is 
given  In  Figure  l6. 

The  following  three  test  series  have  been  completed  using  the  indicated 
catalysts  charged  to  the  reactor  section  in  the  Fuel  System  Simvilation  Test  Rig 

(Essra). 


Series  lOOlB-igU  U0P-R8  catalyst  (ca  0.8^  Pt/  l/l6''  AI2O3  spheres) 

Series  IOOI8-I98  Shell  IO280-II3  catalyst  (ca  4^  Pt/  I/16"  Al^Os 

spheres ) 

Series  11644-6  Shell  10860-l46  catalyst  (ca  4^  Pt/lO-20  mesh  Al^Os) 

The  normal  operating  sequence  for  these  tests  was  as  follows: 

1)  Charge  catalyst  to  reactor  and  activate  by  heating  in  nitrogen  for 
1  hr  at  1100‘’F. 

2)  Set  feed  rate  at  25-0  lb /hr  (DJSV  =  545). 

3)  Set  inlet  pressure  at  psig* 

4)  Establish  inlet  temperature  at  900“F  by  preheating  feed  in  two  5/8” 

OD  X  10'  long  heat  exchange  sections. 


Figur-es  15  and  lb  follcTW 
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5)  Operate  long  enoxigji  with  no  power  supplied  to  the  reactor  to  establish 
steady  state  conditions.  (Outlet  fluid  temperature  was  ca  720”?  under 
these  conditions.) 

6)  Supply  sufficient  power  to  reactor  to  raise  outlet  temperature  to  800®E 
Maintain  power  constant  for  ca  1  hr. 

7)  Increase  power  to  reach  900“F  outlet  and  run  for  ca  1  hr  at  constant 
power. 

8)  Increase  power  to  reach  lOOG^F  outlet  and  run  at  constant  power  long 
eno\jgh  to  establish  catalyst  activity  decline  rate- 

9)  Decrease  power  to  bring  outlet  temperature  down  to  800°F  again  and 
hold  long  enough  to  establish  final  catalyst  activity. 

When  the  outlet  te  iperattire  is  changed  to  a  new  value  in  this  operating 
procedxtre,  the  initial  power  requirement  is  noted  and  maintained  constant  for 
that  particixlar  test  period.  By  following  this  procedure  it  is  possible  to  tell 
when  the  catalyst  activity  is  decreasing,  as  a  decrease  in  conversion  at  constant 
power  input  results  in  an  immediate  increase  in  fluid  outlet  temperature.  Of 
course,  piroduct  analyses  also  show  the  decline  in  activity,  but  these  are  not 
available  until  well  after  a  run  has  been  ccmpleted. 

The  three  catalysts  exhibited  quite  different  characteristics.  The  UOP-RS 
and  Shell  115  catalysts  had  similar  initial  activity  up  to  900‘’F  outlet  fluid  tem- 
peratwe,  but  the  Shell  115  catalyst  declined  in  activity  so  rapidly  at  this  power 
Input  that  the  outlet  temperature  had  increased  to  1000®F  at  the  end  of  one  hour. 
Hence,  no  further  power  increase  was  made.  The  Shell  IkS  catalyst  not  only  liad 
mvich  higher  initial  activity  than  either  of  the  other  two  catalysts  but  also 
exhibited  superior  stability.  Figxxre  17  shows  the  initial  conversion  attained  by 
the  thi*ee  catalysts  at  outlet  fluid  temperatures  up  to  9D0°F  before  any  deactiva¬ 
tion  liad  occurred.  Table  23  summarizes  the  conversion  and  outlet  temperature 
history  for  the  three  test  runs.  Decline  in  conversion  and  the  accompanyirg  rise 
in  outlet  fluid  temperature  are  evident  for  the  three  catalysts  at  power  levels 
sufficient  to  give  900"F  or  higher  outlet  temperatures. 

Operating  data  and  product  analyses  are  tabulated  and  fluid  temperatures 

and  decalin  conversions  are  plotted  against  run  time  for  each  of  the  tests  in  the 

following  Tables  and  Figures: 

Series  10018-194:  Tables  26  and  27,  Figures  l8  and  19 

Series  10018 -198:  Tables  28  and  29,  Figures  20  and  21 

Series  11644-6;  Tables  50  and  31.  Figures  22  and  25 


Corresponding  data  for  these  three  catalysts,  or  their  simulants,  are 
given  in  Tables  52  and  55  In  bench-scale  and  MICTR  equipment.  In  the  bench-scale 
runs  with  decalin  the  Shell  115  prototyp^e  catalyst  appeared  sr^ewhat  more  active 
and  stable  than  IK3P-R8  catalyst,  but  the  Shell  l46  catalyst  was  considerably 
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Catalyst  Temperature,  ®F 


Radius,  feet 

Figure  15.  CALCULATED  TEMPERATURE jOJ  L VS ]_ LAYER 
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Table  2S.  FSSTO;  DEHYDROGENATION  OF  DECALIN  IN  2 -FT  REACTOR, 
SUMMARY  OF  TSSTS  CmL^T  FORHUUn^ 


Reactors  5/8’’  O.D.  x  0.0ii9 

Catalysts ;  U0P-R8 

Shell  10280-113 
Shell  10860"lU6 

Nominal  Inlet  Ccmd it ions 

Pressvire 
Tempera  ttire 
Feed  Rate 


wall  X  2  ft  long  Hastelloy  C 

0.8%  Pt  m  l/l6"  AI2O3  Spheres 
4%  Pt  on  1/16"  AI2O3  Spheres 
4%  pt  on  10-20  mesh  AI2O3 

Feed;  35-6%  t-DHN 
65.8%  C-DHN 
0.5%  THN 

0.1%  other 


900  psig 

900  “^F 

25.0  lb /hr  (545  UBV) 


Test  Series 
(Catalyst) 

Time, 

HrsMin 

Heat, 

KIN 

Canv  'n, 

% 

.  ..  .. 

Selectivity 

to 

Btu 

Btu 

THN 

N 

lb 

10018-194 

11:15  -  11:50 

-i,4oo 

-8 

725 

13.9 

85.2 

14.8 

(U0P-R8) 

12:05  -  12:50 

43,200 

251 

801 

32.0 

63.1 

56.9 

13:10 

106,800 

620 

906 

54.5 

51.5 

68.0 

13:4o 

tt 

tt 

924 

52.5 

29.2 

70.2 

15:50 

807 

^001 

62.4 

17.0 

81.4 

14:15 

Hub 

tt 

1058 

59.0 

16.1 

82.2 

l4:4o 

ft 

1051 

57-2 

16.5 

81.8 

15:00  -  15:55 

131 

795 

20.1 

67.9 

32.1 

10018-198 

10:55  -  11:05 

-1,300 

-8 

720 

l4.0 

85.8 

16. 2 

(Shell 

10280-115) 

11:25  -  12:05 

47,000 

273 

O05 

55-6 

61.4 

38.6 

12:20 

104,500 

606 

927 

51.5 

28.7 

71.3 

15:20 

fl 

Kt 

1000 

45.7 

21.7 

78.5 

i4:20 

n 

ft 

1054 

39.1 

19-^ 

80.4 

14:50  -  15:45 

. 

16,300 

94 

800 

14.5 

61.4 

58.6 

11644-6 

10:55  -  10:45 

-1.500 

-7 

709 

16.9 

89.8 

10.2 

(Shell 

io86o~l46) 

11:10  -  12:15 

75,600 

439 

800 

53.0 

59.9 

4o.i 

12:30 

150,100 

873 

916 

78.3 

22.0 

78.0 

15 :50 

II 

942 

73 . 3 

19-9 

80.1 

13:50 

176,100 

1022 

100f> 

80.7 

10.4 

89.6 

i4;50 

•r 

II 

1055 

78.3 

9.5 

90.5 

15:50 

If 

II 

1050 

77-3 

3.9 

91 . 1 

16:10  -  16:55 

38,300 

. ,  ,-4 

222 

794 

29 . 9 

66 . 5 

33-5 

Tabio  P6  and  Ki(-urn  IT  <‘oi  1 


-!*')- 


AFAPL-TR-70-71 


Table  26.  rBSlR:  DEHYDRCXiENATION  OF  DECALIN  OVER  U0P~R8  IN  2 -FT  REACTOR 


DATA  SUmARY  SERIES  100 

Reactor  No.  10018-49;  0.277"  ID  x  0.049"  Wall  x  2  Ft  Long  Hastelloy  C 

Feed:  99-3i>  Decalir,  0.5^  Tetralin; 

25.0  Ib^r,  545  MSV,  59,74o  lb/(hr  •  ft^) 


£xp*rLMBt*l  Otta 


UX>l9-'  T«*p/ , D*e«lln^ 

I'^i-  /  rp  I  Hit  :  ?n  I  iVit^  4  i 


SalMtlvityff 


tmm  Mil  r.c.  '■ 
Loeatlcn  Tl^ 


;  864  i  15,9  :  ' 


I  Tetralin  NaphthAleriSf' 


iFrsah  cfttalyat  eh«rg*.  'Aetlvatvd 

1  hr.  Ir  N,  llOO'F. )  i 


1250  I  'W5  .  601  j  tt9fi  •  866  j  52-0  I  65.1  56,9 


I  903  i  924  699  '  855  i 

(CoBtlfi'aitlaik  of  Ron  I510)  ' 


i  900  :  lo,>8  '900  646  ;  ‘*9.0 

(Ccntini»ti -n  of  Ibjn  JSo)  I 


•  vt:n  of  X\B1  l5v]) 


21 

B 

735 

(0  -?4)i 

1 

(^1.45) 

1 

22.5 

T 

730 

1 

: 

n 

731 

j 

65.1  56.9 

0,5 

B 

895 

;  0  (905) 

(896) 

45.1 

0 

0 

1.5 

T 

687 

.  2  866 

859 

45.1 

521 

20.8 

5 

B 

859 

6  841 

852 

45.2 

1565 

62.6 

6 

f 

844 

10  84l 

952 

45.2 

2610 

104.4 

9 

B 

645 

i  14  84> 

85* 

45.2 

365* 

i46.2 

12 

t 

845 

1  Id  646 

637 

45.2 

4699 

J.86.0 

, 

15 

B 

849 
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B 
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T 
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B 
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P 
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950 
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B 
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6  946 
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T 
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9 

B 
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T 
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15 

B 
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18 

T 
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1 

21 

S 
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1 
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T 
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0.5 

8 
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0 

0 
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T 
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2  9*9 

927 
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1291 

51.7 
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B 

<>46 
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®4 
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T 
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B 
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T 
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464.C 
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e 
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:  ifl 

T 

906 

2*  (1015) 

(995) 
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15490 

619.5 

:  21 

B 
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(0  -  2*) 

(306.8) 

22.5 

T 
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1 

25-5 

B 

1014 
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0.5 

B 
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0  (967) 

(958) 
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0 

0 

1 

1.5 

T 

984 
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1685 

67.3 

1 

5 

B 
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6  997 
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159.2 

5048 
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6 

T 
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159.2 

8415 

556.5 

1 

9 

8 
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11780 
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12 

T 
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18  1065 

1057 
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B 
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iB 

T 
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Figui«  17.  FSSTR:  DEH YDROCENATiON  OF  DECALIN  IN  2- FT  REACTOR 
INITIAL  ACTIVITY  OF  THREE  CATALYyf ‘  FORMliLATfONr  “ 


_Ta’;le  _  21 


SSHYDROGPIATION  OF  DEGALIN  OVER  S^L 
IN  g~FT  BEACTOR,  PRODUCT  ANALlgES'" 
POfTiSERIES 


Time 

Product  CuBpoultlon;,  iw  j 

t “Decal In 

c “Decal in 

Tetralin 

Naphthalene 

10:35  -  10:45*^ 

51.6 

31.6 

15.0 

1.6 

11:10  -  12:15^) 

35.7 

3£.5 

51.6 

20,2 

12:30®} 

17.7 

5.1 

17.8 

59- 

15:30®^ 

20.8 

7.1 

15-1 

57.0 

15:50®) 

15.1 

5.3 

9.0 

70.6 

14:50®} 

16.3 

6.5 

8.0 

69.2 

15:50®^ 

16.8 

7.1 

6S,<1 

l6:10  -  16-35^) 

4i.6 

29.5 

9*5 

Feed 

53.6 

65.9 

1 

0-5  j 

iT Average  values  over  indicated  time  period. 
2)  Smoothed  data. 


Figures  I8  and  19  snd  Telle  2i 
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Table  28.  FSSTR;  DEHYDHOGEMATIQM  OF  DECALIN  OVER  SHELL  10280-113 
IN  2 -FT  REACTCT-  ,  MTA  SUWARY  SERIES  lOOlB'^^igBr" 

Reactor  No.  10018-49;  0.  rr-’' ID  x  0.0i^9"  Wall  x  2  Ft  Long  Hastelloy  C 

Feed:  99-  ,  Oecalln,  0.3'it  Tetralin; 

25.0  Ib/ijr,  545  LHSV,  59,1^  lb/{hr  •  ft®) 


Ihm  rta 
10018- 
196- 


1320 


J5^ 


Fldia  Ttwp./r 


Prtaaure,  paig 


906  i  7S0  i  ‘WO  j  885  I  ik.O 
(PrMih  Catnlyct  Cbarge.  Aetlv».t«<l 
Iht  in  llOO'F. ) 


D«calln 

Can7''a 

i 


895  I  805 


698  I  865 

I 

I 


905  I  927 


896 


SelMtivliyf 


85.8 


852 


51.3 


09^  !  ICOO  '  t«96  I  652 

(Contiauitlon  of  Rwi  129o) 


ftrr  I  105^  I  996  I  85fi 

{CcBtlsnwtlun  of  Rvn  1220) 


3^.3 


33.6  I  61.4 


HApbtbaleno 


16.2 


38.6 


26.7 


n.5 


.5.7  ?1.7  -Ti.^ 


19.S 


bl.4  i  38.6 


AO..  i 


Sfioothed  C7)d 

CclkMilftted  Data 

Tube  Well  T.C. •m 

Tube 

Will  Tmh>.,  ’7° 

)|  ,j 

Hect  Flurr^ 

Ciwuletlm  Kaet*^ 

j  Lootttlm 

Tevp. 

“r 

Length, 

In. 

(XitaidK 

Inelde 

(hr  ■  ft*)  ' 

4  ^ 

hr 

Inchee*^ 

Poeltlftt'*' 

C«5 

B 

850 

0 

(895) 

(89(' 

-1.6 

0 

0 

1.5 

T 

8k9 

2 

821 

822 

-1.5 

-18 

-0.7 

5 

B 

80c 

6 

775 

776 

-1.5 

“52 

-R.l 

6 

T 

m 

10 

754 

755 

-1.5 

-84 

-?•*> 

9 

B 

7(0 

14 

741 

742 

-1.3 

-115 

-4.6 

12 

T 

7.5 

IB 

753 

7>4 

-1.3 

-145 

-5.8 

15 

B 

Tiia 

22 

729 

730 

-1.2 

-175 

-T.O 

18 

T 

751 

24 

(7S8) 

(729) 

-1.2 

-190 

i  -7.6 

21 

B 

731 

(0-2.) 

(-1.51) 

22.5 

T 

?28 

25.5 

B 

750 

C.5 

B 
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0 
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k6.9 

0 

0 

1.5 

T 

898 

2 

8d5 
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47.0 
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22.7 

5 

B 

36T 

6 
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47.1 
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68.2 

6 

T 

856 

10 
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8^ 

47.1 

2842 
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B 
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:4 
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1£ 
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21 

D 
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1 
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T 
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1 
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B 
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1 
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9 
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!3 
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T 
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2 
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T 
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i.5  1 

T  1 
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2 
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U8 
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7. ft 

5  1 

» 

854 

6 
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ftOT 

!b.5 

587 

25.3 

6 

T  1 

81.-1  i 

10 

798 

775 

IL,'' 

9ftl 

39.2 

9  , 

»  ! 

800  1 

14 

Tcrj  1 

794 

lb.  S  i 

1375 

33. U 

12  ( 

T 

m  I 

18 

8o4 

kiol 

16.3  1 

1769 

7D.8 

15 

B 

6lW  i 

20 

fil*  i 

ftll  i 

16.3  ! 

86.3 

1ft  i 

r  I 

(Ka  I 

£*4 

(82k)  ; 
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,U..F  1 
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'>4.3 
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B 

82. 
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I 
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Table  30.  FSSTR;  DEHTPRCSENATION  OF  DEGALIN  CVER  SHPIX  10860--l46 
IN  2 -FT  mCTOR.  lATA  SIWAHY  SERIES 

Reactor  No.  10018-49;  0.277"  ID  x  0.049”  Wall  x  2  Ft  Long  Hastelloy  C 

Feed:  99-5^  Decalin,  0.5^  Tetralin; 

25.0  IbAir,  545  LHSV,  59?74o  lb/(hr  •  ft^) 


Expariaautal  Data 


S«ooth«d  and  Calcultted  Data 


T.C.'k  efOtAMlMd  to  >jut4it4*  M»VI  at  iixIU'MVtaJ  iiKifM*  r.'^w  Mr- 

Miea'.tiin  !',t  Ui  horla.m^41  tutM.  £  >  Butuiu,  T  -  Tov'-- 

A»'#l<r«  *««.n  .-aluir**  by  awr^thin^  <t*ta.  U  '’  •  ^y 

i'lyr  !  .;>*#«.■»-  Va  ^  }  atre  sYcra^*  '.’rcr  .'tec:*!  lasijiU'-- 

Me,i  h<«t  t.i  fiv.'fl  «ti  tisJlMtw.’ 


Rtn  No 

1  Fluid  ?«■{)>>'? 

1  Pr«saur«,  palf 

DMMllr 

$al«< 

Jtlvlty,  $ 

] — TLiiri  .. 

TiA» 

Length 

In. 

1  wall  T«p.,  ‘F® 

Hest  Flu*/’' 

T  -) 

|CfiBulstlvt  Heat 

6- 

'  In 

! 

QMt 

In 

T - - 

j  Out 

% 

to 

Tatralii 

to 

)  Ma]pjCithal«!r.« 

1  Location 

eiq>. 

•f 

Outside 

Inside 

111  1  ir-’ 

Btu 

hr 

1  Btu 

J__iL 

Ineboa*^ 

jposit 

(hr  •  ft") 

1045 

!  906 

709 

900 

1  825 

16.9 

09.8 

10.2 

0-5 

i  B 

'i4 

0 

(900) 

( 901 ) 

-1.6 

0 

i  3 

1  (Fresh  CctaJj 

rst  CSMirfs.  Aetlvtted 

1.5 

1  T 

2 

782 

r83 

-1.4 

-IT 

-0.7 

! 

hr  In  at  1100*?.) 

3 

B 

o 

745 

746 

-1.5 

-49 

1  -2.0 

1 

6 

1 

7*. 

10 

73C 

T51 

'  -1.2 

-00 

I  -3.9 

9 

B 

34 

14 

722 

723 

1  -1.2 

-109 

-4.4 

I 

12 

T 

■22 

10 

i  718 

719 

-1.2 

i  -159 

-5.6 

1 

15 

B 

22 

1  716 

717 

-1.2 

•168 

-6. 7 

1 

{ 

16 

T 

VI 5 

24 

(T16) 

(TIT) 

i  -1.2 

-185 

1 

1 

1 

01 

U 

:  717 

.(  -24) 

1  (-1.96) 

1 

1 

1 

22.5 

(  ^ 

71 

1 

j 

i 

1 

1 

21-  •  5 

1 

1 

ISOO 

900 

1  600 

900 

795 

.0 

59.9 

kr 

1 

1  B 

0 

i  (9«o) 

:  (965) 

75.3 

0 

0 

■ 

- 

2 

j  882 

866 

75.5 

912 

56.5 

: 

B 

6 

I  845 

i  ees 

75.6 

2T4o 

T 

cO 

842 

1  825 

75.6 

4566 

182.7 

1 

B 

’■K' 

1  047 

030 

75.6 

6596 

1  955.9 

1 

12 

T 

c  ^ 

K 

1  857 

040 

75.6 

6224 

1  529.0 

j 

15 

3 

85fc 

22 

1  073. 

655 

75.6 

lu050 

^  402.1 

i 

16 

T 

:  057 

24 

i  (878) 

(662) 

75.6 

10970 

*58.6 

1 

21 

B 

871 

(0-24) 

i 

(75.6) 

22.5 

T 

:  871 

1 

: 

23.5 

B 

872 

i 

1230 

904 

916 

90e 

741 

73.3 

2S.0 

T8.0 

0.5 

B 

1019 

0 

1  (1050) 

(inso) 

1*9.9 

0 

0 

1.5 

T 

900 

2 

'  973 

942 

150.1 

1815 

78.5  1 

5 

B 

960 

6 

942 

910 

150.2 

5445 

217.  T  I 

6 

T 

941 

10 

9*15 

911 

150.2 

90T5 
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igureao.  FSSTR:  DEHYDROGENATION  OF  DECAllN  OVER  SHELL  10280-n3  IN  2-FT  REACTOR 

DECAUN  CONVERSION,  SERIES  10018-198 


2-FT  REACTOR, 


e  31.  FSSTR:  K  HYEROGEN/ITION  OF  DEGALIN  OVTER  U0P-R8 


IN  2-FT  REACTOR.  PRC  DOCT  ANALYSES  FOR  SJaiES  1001 


Product  Conposltian,  ^ 
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i;  Average  values  over  indicated  time  period. 
2)  Smoothed  data. 
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Fluid  Out 


Igure  23.  FSSTR:  DEHYDROGENATION  OF  DECAUN  OVER  SHELL  10860-146  IN  2-FT  REACTOR 

FLUID  TEMPERATURES,  SERIES  1 1644-6 


Table  DHgmOGmTIQK  OF  DEGALIN  OV3R  VARIOUS  CATALYS'SS 

Feed;  F-115  KIN  Presatire ;  10  atm 

Feed  Composition;  liSSV;  100 

25 . 0%  treM  DHN  Reaction  Period:  50  minutes 

els  E»m 
0.^  IIIN 

Reactor;  Bench  Scale,  5"  bed  in  l/2"  IFS  SS  ttibing  furnace  heated- 
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a;  Reaction  time;  10  minutes. 

b)  Catalyst  completely  deactivated  at  the  erd  of  this  run. 

c)  10280-113  prototype. 


Table  33.  ACTI\^ITISS  OF  CAmLlSIS  10280-113  ARP  1086o-l46 
FOR  tiETHYLCYCLOHKXANE  DEHIDRCGENATIQN  AT  SEVERIL  TOiPERATURBS 

Ccndi.tions;  LKSV  100,  10  atai  pressure,  furnace  heated 

Reactor;  MICTH  4-l/U"  bed  in  l/4"  O.D.  S.S.  Tubing,  catalyst 
diluted  0. 9/1*1  with  quartz  chips 
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better  than  either  the  UOP-R0  or  Shell  113  ca  talysts.  ‘Hiua  the  PSSTH  data  coKifirms 
these  finding  in  general.  The  lesser  activity/stability  of  the  Sliell  115  catalyst 
compared  to  Ut.  -R8  catalyst  in  the  F3STR  ccanpared  to  the  results  with  tJie  proto¬ 
types  may  be  due  to  scame  misadventure  In  tlie  raakeup  of  the  large  batch  prejjared 
for  FSSTR  evaluation;  this  will  be  rechecked.  In  the  MlCHi  the  compariscai  involves 
fCH  rather  than  deealin,  but  the  order  of  activity  bears  out  the  results  found  in 
the  R5STH  with  decal in. 


7SBKMAL  STABILITY  OF 

Thermal  stability  st  lies  have  progressed  along  several  lines  dtiring  tiie 
past  year,  of  the  chief  aavances  has  been  in  the  completion  of  iiie  prototype 

beta-ray  backscatter  rig  for  measuring  deposits.  This  device,  althou^  still 
undergoing  evaluation  and  testing,  has  been  used  successfully  on  standard  ASTM, 
SD/M-7#  and  JFTOT  Coker  tubes-  It  has  also  been  used  In  measuring  the  deposit 
thicknesses  on  titanium  strips  f'rom  experimental  fuel  tanks  at  Boeing  Aircraft 
Ccatpany. 


Tne  characterization  of  candidate  IMels  requires  the  developmait  of  suit¬ 
able  apparatus  to  characterize  routinely  the  behavior  of  the  fuel  at  high  tempera¬ 
ture  and  pressure  in  both  the  absence  and  presence  of  endothermic  reaction.  To 
prtx’lde  a  method  of  so  characterizing  fuels,  we  developed  and  put  into  operation 
du-lng  the  last  contimct  period  a  piece  of  equipment,  the  Catalyst  and  Fuel  System 
Test  Rig  (CAfSTR),  capable  of  evaluating  a  fuel/catalyst  combination  to  a  maximum 
temperature  of  about  1500®?.  However,  a  major  difficulty  ii,*.  the  utilization  of 
this  apparatus  was  the  determination  of  the  amount  of  deposit  cm  the  heating  tribes, 
which,  because  of  the  high  temperatures  involved,  could  not  he  fabricated  of 
alumlniiB  and  rated  visually  as  is  done  with  tubes  from  the  ASTM  Coker.  Now  that 
the  beta-raj,  backscatter  device  is  available, we  shall  be  able  to  start  fuel  evalua  ¬ 
tions  vitn  the  CAFSTR,  in  which  Inconel  60C  heater  tubes  are  used.  Because  of 
color  changes  of  the  metal  Itself,  color  rating  of  the  Inconel  tubes  is  impossible 
and  deposits  from  this  equipment  could  not  be  evaluated  in  the  post. 

Fiu'ther  progress  in  thermal  stability  testirig  has  been  achieved,  in  that 
the  JFTOT  fuel  tester  is  now  complete  and  operetive,  and  a  number  of  tests  have 
been  made.  Ihe  rig  has  been  found  to  be  delightfully  simple  and  rapid  to  use, 
but  does  seem  to  have  a  high  temperature  Ihaitatlon  This  can  probably  be  solved, 
however- 


No  further  changes  have  been  made  on  the  SD/^-7  fuel  coker,  except  tnat 
a  Beciraan  Oxygen  Analyrer  has  now  been  Installed  and  is  functioning  properly. 

Various  thermal  stability  investigations  hove  been  cede  Including  brief 
studies  of  hydrocracka be  fuels  und  current  commercial  Jet-A  type  fuels.  In  addi¬ 
tion,  we  have  been  exploring  a  new  class  of  potent  i si  iUidiMvey  for  improving 
bhertaal  stability  of  fuels.  Several  additives  have  been  fouixl  to  be  effective, 
although  tests  to  date  have  shown  that  they  are  beneficial  only  in  itielo  ccntaln- 
ing  dissolved  oxygen,  fhe  bercflLs  from  the  additive  being  aubstantlall j  the  same 
as  tliose  frcxn  nltroger;  sperg^ng  of  tJie  fuel.  This  auggests,  of  course,  that  the 
additives  directly  iriterfere  with  the  degradatiori  raechanisns  Ir  which  oxygen  is  a 
purtlcii'mnt-. . 
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tleasJvareiiaeR  t  of  Deposits  Beta -Ray  Backscntter 

After  a  'broad  inwstigation  of  possible  to  Measiare  fuel  coker  depos¬ 
its  qioantitetively,  s  prototype  beta -ray  backscatter  test  rig  was  built  for  this 
purpoue.  Uvis  equijsneut® '  has  been  completed  to  an  operational  stage and  its 
characteristics  and  capabilities  are  now  being  evaluated.  A  x^i^otograph  of  the 
apparatus  in  its  present  state  of  development  is  ohown  in  Figure  2k.  A  description 
of  the  equipment  appears  in  tiie  App)er'.dix. 

Initially,  the  test  rig  was  set  up  partially  from  ordered  conmercial  and 
ohop  produced  components,  plus  some  boirrov'ca  components,  including  a  vacuum  pump 
and  a  scanning  mechanism  drive  motor.  These  borrowed  parts  have  row  been  replaced 
with  a  large  capacity  vacu\^  purap  to  provide  r-apid  pumpdown,  and  a  suitable  drive 
motor,  speed  control  and  gear  reduction  arrangement  to  p)ermit  scanntiig  of  differ- 
ent  sized  tubes.  In  addition,  the  original  tempiorary  detector,  devised  by  modif'y- 
ing  one  which  had  been  used  for  other  purposes,  has  been  replaced  by  one  designed 
specifically  for  tliis  instrument,  and  embodying  improvements  based  on  experience 
with  the  first.  A  commercial  detector  which  was  ordered  while  the  temporary  one 
was  used  has  finally  arrived.  Althougli  this  detector  is  no  longer  needed.,  we  plan 
to  test  its  operation  in  comparison  with  the  ne\rfly  designed  one.  However,  we  are 
not  optimistic  about  the  commertiial  unit,  since  it  baa  a  window  thickness  c" 
approximately  2500  1.  Since  it  was  ordered,  we  have  determined  that  the  maximum 
window  thictoesa  to  avoid  loss  of  sensitivity  is  about  1500  1. 

Our  currently  installed  wlndo;.i'  has  a  thickness  of  approximately  1000  K  and 
has  been  in  tise  2h  hours  per  day  for  five  weeks  without  leakage.  The  differential 
pressure  ar^ross  the  window,  which  is  supported  by  a  2Bo  line -per -Inch  ickel  screen, 
is  sssentially  one  atmosphere,  and  the  vacuims  system  holds  readily  at  a  few  milli¬ 
microns  Hg  pressure.  Ihis  clearly  demonstrates  that  there  are  no  holes  in  the 
window.  However,  the  window  has  been  a  problem.  If  the  window  thickness  iz  too 
small,  the  window  either  breaks  or  develops  holes;  if  it  Is  too  thick,  it  cuts  out 
the  low  energy  electrons  reqair«ed  for  measurement  of  deposit  thickness.  We  origi¬ 
nally  used  a  cellulose  nitrate  material  which  was  on  hand  in  the  laboratory,  but 
windows  cast  from  this  material,  when  sufficiently  thin,  proved  ton  fragile  and 
;iihort-lived.  The  window  material  th|t  we  had  planned  to  use  (Di-iioii  Carbide 
PARYI£|r^  film)  was  too  thick  (2600  a).  We  have  now  received  a  thinner  film 
(1000  A  PARYLSNI^^  film),  which  we  plan  to  install  later.  While  we  were  waiting 
for  delivery  of  the  tain  film,  we  successtMlly  oast  a  1000  A  film  of  PARLODIC'J® 

(also  a  cellulose  nitr?te  material),  which  we  are  now  using.  Although  the  PARYLENF® 
Eoaterial  is  believed  to  be  stronger,  the  present  window  Is  5)erforiTiing  .satisfactor¬ 
ily  (And  will  not  be  replaced  until  necessary-  The  present  arrangement  of  window 
film  and  wir«  screen  permits  about  a  70  percent  transmission  of  electrons,  which 
is  considered  adequate. 

A  considerable  a^oount  of  effort  has  been  expended  in  tlie  evaluation  of 
tills  equipment  and  is  still  continuing.  The  effects  of  vacuum  level,  detector 
time  cor..»tant,  rotational -ti‘analfitioT«al  tube  speed,  detector  head  positioning, 
chart  speed, pen  response  time,  and  a  number  of  other  variables  have  been  under 
iuivestigaticm. 

aT" aT  Telfer  and  R.  M.  Curtis  of  our'  Analytical  Departiiient  were  responsible  for 
the  design,  construction  and  prelinilnaxy  testing  of  this  equipme.  t. 

Figure  ft  follcrws 
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As  was  noted  pre^iously’^^,  it  l.a  x'ossrole  to  reach  aat>i.ratiOT  for  nay 
given  elsetrcsi,  energy  level,,  smd  hence  to  reach  a  itmxiffluis  deixjsit  tiiiekneas  heyc-nd 
which  roadltiga  will  be  Inaccurate.  If  'idilcjser  deposits  are  to  be  i:\eastir  d,.  a  dual 
fflet  of  detectors  and  sources  might  b®  required  to  be  assured  that  true  dsp-^it 
thicknesses  are  being  measured  .  In  addition,  the  span  of  the  cwrent  5  ew  single 
channel  3 -inch  i;*trlp  recorder  ie  so  nixrrcM  that  it  cenrjot  read  cmt  tlie  signal 
i*rciai  all  deposit  levels  at  wbe  sme  s-aaRsitlvity  s.gttlng.  'Ihis  oftar?  requires 
mtiltlple  runs  Mt  different  {rensitlvltie-s  in  order  to  aesauro  tlie  entire  deposit 
profile.  Ihia  coixld  bs  corrected  by  s:,tilizing  a  1  inv  10-incii  strip  recorder  with 
dml  channels.  Hvls  ■woi.ild  increitse  the  sensitivity,  and  the  use  of  the  two  channels 
a  decide  apart  would  eo-iable  a®  to  handle  e.  .i^reater  range  of  thickrjesses . 


'V®  have  foiad  that  wobble  oi'  .surface  unevenness  of  tttoes  caii  cause  base¬ 
line  fluctmi'ion,  and  experlmer-tatiori  haa  showi  that  tliis  is  obsers-able  for  steps 
ert  little  aa  O.CTOOl  inch.  Siis  is  not  due  io  differences  in  air  IMcknesa,  but 
rather  to  th®  gecacetrlc  characteristics  of  the  beta -ray  collimotor.  Ihis  prohlsin 
can  he  cveroonKf,  however,  by  cleaning  deposit  £re®  rexTOV  band,  “paced  alcag  the 
strip  to  provide  ^  referent*©  level  of  b&ftk:scaiterv 

Alfeough  the  be  ta -ray  backscatter  has  given  I'eproducible  results^, 

a  sa tl nf sc tcry  methed  of  calibretian  x/hich  relates  backscatter  values  to  the  actual 
thlcknese*  of  the  deposix;  is  still  ceing  puraxied.  For  our  purposes,  such  calibrs" 
tion,  xthile  intellectually  satisfying,  is  not  actually  necessary  as  long  as  we 
compare  dei.'^^s.it?  on  tuoes  of  the  aaroe  coffipositu®.  The  output  of  the  device  is 
asfiufaed  to  be  tt'oyortjonaj  to  the  number  of  a;.ov.is  of  iiiaterial  on  the  tube  under 
examination,  if  ti'io  average  atomic  nisaber  does  rot  depart  too  seriously  fresn  that 
of  carbofij  U.ia  requires  e.  lo('f  concentration  c  higher  atomic  .nusi.Der  elements. 

This  will  gpnerall.y  be  the  case. 

C'i.j  ibrstion  of  the  instr\«nen,t  thtss  far  has  been  attempted  with  nitrocel¬ 
lulose  films  wrapped  ai'ound  an  tilutiinum  coker  tube.  These  fl.ljiifi  have  been  separ- 
ata;l7/  cast  and  then  taped  to  t)ie  tube  for  rating  by  the  beckscatter  equlp»ien&. 

The  fila  is  then  removed  and  the  thiclaies.s  f  f  it  tneas’U'ed  independently  by  a 
microscopic  light  diffrtiction  teclcxicue.  Roughly,  we  have  found  by  ui'ing  this 
nvethod  that  1  inch  on  the  strip  chart  corresponds  uo  a  thickness  of  .5r?0  A  on  an 
aluinimim  tube.  However,  the  film  so  applied  has  always  been  wrinkled  and  nonuni - 
form;  hence,  the  search  for  an  acunirate  metlvK'  of  calibrating  the  instruirent  is 
still  utideivay.,  and  an  absolvite  calibration  wtis  not  available  :lii  the  earlier  work. 
For  that  reason,  deposit  mrasureinents  are  repxirted  here  in  nondlmensional  units, 
but  are  approximately  equal  to  tliickneoses  .in  An,gstroms. 

Aa  a  pax't  of  tne  overall  calibration  problem  we  needed  a  calibration 
method  for  deposits  on  dif,ferent  substrate  metals..  To  implement  this  inveKtiga- 
tlcax,  a  calibration  nxi  of  l/8-lnch  OD  has  been  constructed  which  consist.^  of 
sections  of  the  follow Inpt  nsa.terlals :  bress,  silver,  nlviainum,  cadtaiviin,  cobalt, 
zinc,  iron,  tin,  titan.iui ,  magnesium,  cai’bcai,  and  TEFLON®  i-od.  By  scavmlng  tliis 
rod  we  obtain  a  series  of  steps  on  the  recorder  due  to  the  different  backscatter- 
Ing  ei'i'’cie\\cies  of  the  materials  of  the  rod.  A  lOtX)  1  PAHYLENSf®  film  th^m  is 
wrapped  onto  the  tube  under  tension,  th’us  avoiding  the  previous  wrlnijliuig  ptroblem. 
The  tube  is  then  rescajuied  to  obtain  the  cal ic..rs.ti oris  for  deposit  thickness.  An 
additional  advantage  of  the  nultiroaterial  tube  is  that  it  will  be  evailatde  for 
restandardlzlng  the  tube  when  it  becc>mes  necessary  to  change  windows,  or  to  make 
regular  calibration  checks  iis  the  event  of  d.rlft  in  the  electrailc  eqxilpnent. 
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Calibration  i«ith  other  pure  hydrocarbon  films  is  planned,  although  cali¬ 
bration  with  nitrocellulose  is  not  considered  to  intrcxiuce  a  serious  error,  since 
the  difference  in  the  beta-ray  backscattering  by  nitrogen  and  oxygen  and  the 
backscattering  by  cai'bon  is  not  expected  to  introduce  a  significant  error.  However, 
this  will  be  checked. 

Boeing  Titanium  Strips 

We  have  completed  an  evaluation  of  the  tank  deposit  strips  that  were  sent 
to  us  by  Mr.  George  Hays  of  Boeing  Aircraft  Ccanpany.  Results  of  these  surveys  are 
plotted  as  deposit  profiles  in  Figxxres  25-28,  where  deposit  thickness  in  A® (approx¬ 
imate)  are  plotted  versus  distance  along  the  strips.  The  narrow  vertical  dips 
shown  are  due  to  the  fact  that  divider  strips  were  welded  and  cemented  to  the  flat 
titanium  sheets,  from  which  the  fuel  tanks  were  constructed,  and  were  then  removed. 
The  greatest  thickness  of  deposits  was  in  the  region  of  the  divider  strips,  and 
tills  suggests  a  possible  interaction  of  fuel  with  the  cement  or  sealant,  or  an 
electrostatic  attraction  of  deposit  towaixis  the  dividers.  The  thickness  of  the 
sealant  is  indicated  by  the  ends  of  the  dips  and  ranged  from  an  apparent  150  to 

800  A". 


In  order  to  compensate  for  the  departure  from  flatness  of  the  strips,  the 
deposit  was  periodically  removed  by  mild  abrasive  action,  although  this  is  not 
shc»»n  on  the  deposit  profiles.  By  assuming  that  the  minimum  deposit  thickness 
midway  between  divider  strips  represented  the  true  unhindered  depth,  approximate 
dashed  curves  have  been  sketched  in.  It  can  be  seen  from  the  figures  that  appar¬ 
ent  deposit  thicknesses  ranged  from  about  500  to  llK)0  A°.  Calibration  was  made 
with  a  1350  A°  nitrocellulose  film  on  cleaned  titanium  strips. 

An  effort  was  made  to  check  these  results  by  cutting  two  sections  2.5  cm 
in  lerfgth  with  apparently  uniform  deposits  frcro.  one  of  the  strips.  One  of  these 
areas  measured  1200  A°  and  the  other  l400  A°  by  beta-ray  backscatter.  These  were 
then  analyzed  by  combustion  for  carbon  and  hydrogen  and  a  clean,  freshly  abraded 
sample  was  also  analyzed  for  background  impurities.  Gi*eat  care  was  taken  to 
prepare  these  specimens  so  ss  to  avoid  contamination,  and  the  edges  and  backs 
Mere  filed  clean  with  a  fine  file.  The  samples  were  then  rinsed  with  normal 
heptane  and  dried  in  a  vacuum  oven  for  two  hours  at  150"C.  The  amount  of  carbon 
end  hydrogen  determined  for  the  deposited  samples,  however,  was  much  liigher  than 
v/ou,ld  be  expected  fnxm  an  oxidized  hydrocarbon  film  of  tbs  thicknesses  indicated 
by  beta-ray  backscatter,  calculated  densities  beiiig  about  k.O  and  6.1  gm/cni^.  This 
could  have  been  the  result  of  the  incl’ision  of  substantial  amounts  of  oxides  of 
heavy  elements  in  the  coating,  since  they  would  scatter  more  effectively  than 
titanium,  and  would  make  the  deposit  appear  thinner  to  the  instrument.  Ho\-.'ever, 
scanning  the  strips  with  the  TEES  instrument  (Varian  Corporation)  indicated  that 
no  large  concentratic'n  of  elements  existed  in  the  film  other  than  cai'bcn,  hydrogen, 
and  oxygen.  At  the  pre.sent  time  the  most  reasonable  explanation  for  this  pheno¬ 
menon  is  either  that  the  original  calibration  of  the  instrument  was  at  fault  or 
tiiat  the  dep^xsit  retained  substantial  amounts  of  the  normal  heptane  with  which  it 
was  washed,  in  .spite  of  being  dried  in  a  vacuum  oven  for  two  ho-urs  at  l6o°C. 

Til  is  will  be  checked  further. 
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Figiu'-es  25,  26,  27  and  28  follow 
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Alcor  •^TTOT  ajod  SdM-1  Coker  Tubes 

A  few  &  lumin’jra  and  stainless  steel  tubes  used  In  our  Alcor  JFTOT  unit 
hav3  been  examined  both  in  the  Tuberator  and  with  the  beta-r^y  b8cksc8+-*:c-^ 

A  distinct  advantage  of  the  beta-ray  backscatter  method  is  that  it  enables 
one  to  know  when  an  observed  color  is  not  a  true  deposit,  but  rather  the  color  of 
the  metal  itself.  TJiis  was  demonstrated  with  a  stainless  steel  Alcor  JFTOT  tube 
having  a  faintly  yellow  tinted  area  which  one  might  have  rated  a  code  1-1/2. 
Nevertheless,  the  area  still  looked  like  bare  metal,  and  indeed  the  beta-ray 
backscatter  scan  showed  no  difference  between  the  tinted  and  the  original  metal 
colored  areas.  The  beta -ray  backscatter  readout  was  constant  for  this  entire 
tube. 

However,  a  stainless  steel  Alcor  JFTOT  tube  having  an  apparent  code 
2-1/2  rating,  and  giving  the  impression  of  being  a  true  deposit  overlay,  gave  a 
definite  beta-ray  backscatter  count  indicative  of  a  deposit,  as  shown  iui  Table  3^. 
Here  only  the  maximxm  visual  code  rating  was  taken,  and  then  only  on  the  side  with 
the  heaviest  deposit.  The  beta -ray  backscatter  readout  was,  of  course,  on  the 
entire  tube,  and  shown  in  Table  is  the  range  of  thicknesses  for  both  the 
heaviest  and  ligiitest  deposits  on  opposite  sides  of  the  tube.  The  deposited  area 
was  about  1-l/U  inches  long,  but  no  effort  was  made  to  reduce  the  code  ratings 
into  shorter  lengths,  since  most  of  the  deposited  area  was  the  maximum  code  color, 
with  lighter  color  around  the  fringes.  This  is  rather  typical  of  JFTOT  deposit 
appearances. 


Table  54.  COMPARISON  OF  ASIM  CODE  AND  BETA-RAY  BACKSCATTER  RATINGS 
FCR  ALCOR  JFTOT  STAINLESS  STEEL  AND  SD/M-7  COKER  TUBES 


ure  26.  r'^POSIT  PROHLE;  SAMPLE  STRIP  NO. 


-Sealant 


Distance  Aloig  Sample  Strip,  cm 
lure  17.  DEPOSIT  PROFILE;  SAMPLE  STRIP  NO. 


Sealont 


Distance  Along  Sample  Strip,  cm 
DEPOSIT  PROFILE:  SAMPLE  STRIP  NO. 


One  should  not  take  the  deposit  tliicknesses  shown  as  being  precis  ,  since 
calibrations  on  stainless  steel  had  not  been  made  when  this  tube  was  measuied. 
Moreover,  since  bare  metal  backscatter  is  a  fimcticm  of  trui  metal  ccsaposition, 
true  calibration  must  be  done  on  the  same  metal  composition  as  that  on  which  the 
deposit  is  measured. 

The  code  versus  the  beta-ray  backscatter  ratings  of  a  lightly  depos¬ 

ited  SD/M-T  C'  ier  tube  deposit  is  also  shown  in  Table  3^.  Actxially,  the  areas 
shovm  do  not  correspond  exactly,  the  area  ”1"  for  the  backscatter  ratings  starting 
about  sin  inch  further  away  fr  m  the  fuel  outlet  point  than  that  of  the  AS'W  code. 
One  has  to  keep  in  mind  this  poinb  in  studying  the  other  tube  rating  comparisons; 
the  starting  points  are  not  necessarily  the  same.  However,  the  regions  in  which 
deposits  are  located  are  in  approximate  agreement,  the  beta -backscatter  results 
being  much  nxjre  discriminating  than  the  visual  code  ratings. 

The  scanning  width  of  the  beta-ray  backscatter  instrument  is  slightly 
greater  than  ' /^  inch,  since  the  radiation  source  slit  is  l/8  inch  wide  and  about 
1/8  inch  from  thb  nearest  point  of  the  tube  surface.  The  beta -ray  backsea  t  ter 
readout  Is  an  aver&ge  measurement  of  deposits  for  an  area  about  l/8  x  l/8  inch. 
Actual  deposit  boundaries  can  be  detected  accurately,  but  the  tliickness  at  the 
boundary  cannot  be  determined  precisely  because  of  the  slit  width.  Alcor  JFTOT 
tubes  have  a  diameter  of  only  1/8  inch;  hence,  the  backscatter  measurement  is 
influenced  by  tube  diameter,  or  surface  curvature.  Consequently,  for  careful 
work  calibrations  would  be  necessary  not  only  for  every  tube  material,  but  for 
different  tube  diameters  and  for  flat  surfaces. 

CRC  Erdco  JFTOT  Preheater  Tubes 


A  series  of  ten  Erdco  JFTOT  preheater  tubes  from  the  CRC  JFTOT  evaluation 
program  were  supplied  to  us  and  rated  by  both  the  beta -ray  backscatter  metiiod  and 
our  own  laboratory  A3TM  Tuberator.  The  results  of  these  ratings  together  with  tiie 
average  values  of  tho  ASTM  code  ratings  from  the  panel  evaluations  and  the  results 
with  tne  Erdco  Reflectance  Rater  are  tabulated  in  'Table  35,  auid  represented  graphi¬ 
cally  (except,  for  the  values  for  the  two  most  heavily  fouled  tubes)  in  Figures  29 
and  30. 

These  tubes  are  5/8"  OD  and  8-1/2"  overall  length.  All  ratings  are  given 
as  the  maximum  values  within  one-inch  long  sections  of  Uie  tube,  numbering  from 
tJie  fuel  outlet  end.  Actually  the  beta-ray  backscatter  readout  was  in  the  foiir. 
of  a  sine  wa\  ,  because  tiie  deixosits  were  situated  mainly  on  one  side  of  each  tube 
and  the  tube  rotates  mid  translates  during  the  rating  proiedure  However,  tor  the 
the^prf'sent  comparison  we  have  simply  given  the  maximum  rating  or  deposit  thickness 
in  A  for  each  inch  of  the  tube  length.  In  the  i.mjority  of  cases,  tlie  geo¬ 
graphical  d  1  .s tr  1  DU t,  1  or.  oi  the  dejxisits  at  e  found  to  be  \bout  the  same  by  all 
methods  of  rating.  Tliat  is,  the  deixisi;,-'  a.-e  heaviest  near  the  exit  end,  althotigh 

there  are  a  e.'upu'  oxcept.ion.i  to  this  rmte  as  shoivn  wltli  Tubes  10  and  2. 

Probably  the  two  mxjst  interesting  c-a;;f\s  are  tubes  7  and  15,  which  by  botii  our  awn 

rating.‘i  and  t;it-  CflC  average  fall  in  the  critical  region  of  code  2  to  5-  Here  the 

results  with  the  beta -ray  backscatter  apjxiratus  suggests  tliat  Tube  15  should  fail 
whereas  T..hc  7  would  pr.ibably  pass,  while  tlie  meo.suremeuts  v?ith  the  F.rdco  Reflee- 
tmu'e  Rfi  tei'  would  lead  to  Uie  oppxi.site  conclusion.  Although  the  ."Irdco  Rater  seems 
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COMPARISON  (F  BETA  BAY  MCKSCATTSR  FATIMGS  OF  CRC 


JFTOT  TUBES  WITH  THOSE  FROM  m  ASIM  TUBERATOR 


AND  mE  MDCO  RIFLEDTANCE  RAllS 


MDCO 


Table  3^-  (Cantd).  COMPARISON  OF  BETA  RAY  BACKSCA'ITBl  RATI;  ’‘IS  OF 
CRC  'mPCO  JFTOT  TtmES  VITH  1H(]6E  FROM  OT  ASIM 
TUBERATCR  ANP  THE  ERDCO  miJiTmNCEliA'reR 


Tube 

flections, 

Inc.iea 


Tubei'ator  Ratings 


CRC  Ave.  Shell 


ERPCO  Beta 

Rater  Backscatter,  A 


to  give  quite  consistent  values  within  itsolf,  the  disagreement  with  the  beta -ray 
backscat'^x-  apparatus  is  quite  marked  as  shown  In  Figure  31.  Although  these  data 
have  not  been  analyzed  statistically,  the  lack  of  concordance  between  the  two 
methods  of  rating  is  evident.  Of  some  of  the  scatter  must  be  due  to  the 

beta-ray  backscatter  instrunjent,  bu  ,  we  ^.?iinot  assign  this  precisely  since  ccxn- 
plete  data  csi  reproducibility  will  .  .  be  obtained  until  developmeiit  work  is  com¬ 
plete.  Howfver,  repeat  runs  on  3a.ms»  tube  do  not  show  deviations  greater  than 
about  t  10  A.  The  relation  between  ASTM  Tuberator  ratings  and  the  beta-ray  back- 
scatter  rating  is  shown  in  Flgxxre  fci-  both  the  CRC  average  ratings  and  the 
Shell  ratings.  Again  a  great  scattering  of  results  is  noted.  The  CRC  average 
ratings  increase  with  a  reduced  slop*^  for  higher  values  because  of  the  ima-ximum  4- 
code  rating  imposed  on  those  values. 

A  summary  comparison  of  ratiui^E  by  the  other  methods  with  the  maximum 
deposit  found  with  the  beta-ray  ^  •esciutter  method  is  given  in  Table  36. 

CRC  Ale  or  JFTOl'  Preheater  Tubes 


We  have  also  examined  a  group  of  ten  tubes  from  tlie  test  program  of  CRC 
New  Test  Eq\xipinent  Panel  for  the  selecticm  of  a  new  thermal  stability  tester. 
Information  received  from  the  panel  inclxided  ratings  by  an  Alcor  Mark  5  Tube 
Rater  and  Erdco  Reflective  Rater  and  values  obtained  by  different  panel  members 
using  the  standard  ASH’!  Tuberator.  The  latter  values  ^ere  averaged.  The  tubes 
were  also  rated  on  our  own  ASTM  Tuberutor  equipment  using  ou£*  expanded  scale 
(up  to  code  8),  values  being  obtained  every  l/2'*  along  the  2-1/2"  active  length 
of  the  tube. 

Values  obtained  by  the  varioxis  methods  are  given  in  Table  37  and  are 
shown  grapliically  in  Figures  55  end  34.  except  for  the  two  tubes  with  the  heaviest 
deposits.  Except  for  the  Alcor  Mark  5  Rater,  which  was  obviously  not  sensitive 
enougii,  values  obtained  by  the  various  methods  shoved  general  geographic  agree¬ 
ment.  Tfie  CRC  Average  ratings,  of  com'se,  were  always  low  in  tubes  having  heavy 
deposits  since  the  ASTTl  scale  stops  at  4.  In  general,  the  best  agreement  with 
the  beta -ray  backscatter  method  was  exhibited  by  the  Erdco  rater  (Figures  53A 
and  34a  and  P).  However,  in  a  number  of  cases  (Figures  35B,  C  and  D  and  3 4  B  and 
6)  rather  marked  differences  were  observed.  This  is  particularly  true  of  tube^ 

2,  6,  and  8  (Figures  'j^C  and  D  ,  and  Figure  j4c ) ,  which  would  har^e  presumably 
been  failed  by  the  Erdco  rater  but  passed  by  the  beta -ray  backscfitrer  instrument. 

The  relation  between  the  various  ratings  and  the  beta -ray  backscatter 
measurements  are  shown  in  Table  and  hbigures  and  ^6.  The  considerable 
scatter  of  the  points  is  evident.  However,  in  view  of  tlie  favorable  character¬ 
istics  of  tlie  Erdco  rater,  it  will  be  worthwhile  to  evaluate  this  instrument  fur¬ 
ther  using  the  beta -ray  backscatter  Instrument  as  a  standar-d. 

With  both  the  Eitlco  Reflective  Rater  ;uid  the  heta-ra;>  backscatter  etiulp- 
raent,  the  absolute  level  of  the  values  o^bserved  could  very  well  be  related  to  tube 
geometi^ .  CertaJ.nl, y  in  the  case  of  the  buckscattering  principh',  tl.'.e  calibration 
of  the  equipment  with  resperct  to  actual  film  thicknesses  was  prel.tmii!ary  and 
subject  tc5  error  in  absolute  accui’Pcy. 


Figures  29  throu/^i 
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Figure  3!.  BET.A-Ry^^Y  BACKSCATTER  RATINGS  vs 
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Bockscatter  Rating 

\Y  BACKSCATTER  RATINGS  OF  ERDCO 


Table  36.  SUMMilRI  .K..M..1S0N  OF  OTi-ffiR  ilATIMG  METHODS 
Wira  Bm-a  VY ‘ MCKSCAlTBRING^KinBOD 
FCfl  d  ;  iSkO  JFTOl’  TIBES" 


p_ - - 

Tube  No. 

Max 

Re  ting  of  Beta -Ray  Max  by^'' 

Beta -Ray 

ERICO 

Shell  AS 'I'M 

CRC  Ave. 

k 

1790 

0.21 

6, 5 

5 

18 

1700 

0.12  (.  6) 

5.5 

3 

15 

1620 

an 

2 

3 

14 

lUoo 

0.13  (.'+) 

5 

.5 

1130 

0.17 

5 

3 

T 
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0.16 

1.5 
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12 
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0.08 

0 

KJ*  y 

2 

2 
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0.05 

0.5  I  1.5 

IT 

510 

0.05 

0.5 

1 

IG 

l4o 

0.06  (.07) 

0.5  i 

.1 

1  (i.:5) 

0  Values  In  parentheses  ai'e  maximum  vei lues  according 
•o  spet  If  led  methcxi. 
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(Ccantd).  CQMP/JRISON  OF  BEm  RAY  MCKSGATTER  RATINC^  OF 
CRC  ALGOR  JFTOr  TIIEES  Vim  THOSE  FRCM  T^'E  ASTM  TUBlflRATOR 
AND  ras'  ERIX;0  AND  ALGOR  MARK  V  '^RATERS 


I  Tube 
I  St  itlcjn, 
Inches 
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1 

1  1/2 
2 

2  1/4 
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1 
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1 
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Tuberator  Ratings 
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1  CRC  Ave. 

Shell 

MARK  V 

Rater 

1  1  '2 

/ 

p 

; 

2  1/4 

i 

i  /2 

4 

1 

4 

1  1/2 

) 

2  1/4 

Tube  Nc.  mi4-15 

9.5  0.l4 
9.0  0.18 
9.0  0.1 6 
9.0  0.07 
9.0  0.05 


Tube*  No. 


0.46 

o.(>o+ 

o.o6 

0.03 

0.01 


Tube  No.  IIAIO 


No*  i  rA2Ci-l8 

o.O  I  0.21 

0,0  t  0.22 

'\.0  ;  0.15 

0.5  0.o6 

o.s  j  o.^P 

Tube  Nvi.  JiA22 

I  (f.Ull 

f 

b .  5  '  V  %  ho  )■ 

.  -  I  :.12 

i  I'lM 


Beta  Ra.v  „ 
Backscatter,  A 


2480 

2480 

0 

0 

0 


i860 

2460 

Bo 


Table  SUWARY  COMPARISON  OF  OTHER  RATING  METHODS 
WITH  BETA -RAY  BA.CKSCATTER  METHOD 
FOR  CflCALCOR  JFTOT  TUBES 


Tube  No. 

Max  0-ray 

Rating  at  B-Ray  Max®^ 

p— 

Erdco 

Shell  ASTM 

CRC  .ASTM  Ave. 

9 

2480 

0.60+ 

7  1/2 

5 

22 

2460 

0.60+ 

7 

4 

IIAIO 

900 

0.25 

2  1/2  (5  1/2) 

5 

20-18 

800 

0.22 

3  1/2 

5  1/2 

4 

TOO 

0.23  (0.24) 

5  1/2 

5 

1 

oOO 

0.19 

X 

1  1/2 

14-15 

550 

0.l4  (0.l8) 

1/2  (1) 

1  (1.6) 

8 

200 

0.24 

6 

5-5 

2 

200 

0.13  (0.15) 

1 

1 

6 

140 

0.18 

5 

3 

a)  Values 

in  parentheses  are  max3 

jnuin  values  according  to 

t:;')ecifled  raethoo. 
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ERDCO  REFLECTANCE  RATER 


CORRELATIC  N  OF  BETA-RAY  BACKSCATTER  RATING 
ALCOR  .ROT  TUBES  BY  SHELL  AND  CRC  EXCR 


Problems  in  the  Use  of  The  Beta -ray  B&ckscatter  Instrument 


Although  it  is  evident  from  the  above  that  the  beta -ray  backscattering 
principle  can  be  applied  to  the  evalmtion  of  the  amount  of  deposit  formed  on  a 
metallic  surface,  there  are  a  number  of  problems  which  could  complicate  the  appli¬ 
cation  of  the  principle.  One  is  the  composition  of  the  tube  metal  substrate. 

Since  the  intensity  of  the  scattered  electrons  is  roughly  proportional  to  the 
atomic  number  of  the  element,  it  is  obvious  that  a  calibration  must  be  established 
for  each  type  of  metal  used  on  which  deposits  are  m.easured.  In  addition,  the  com¬ 
position  of  the  deposit  will  have  an  effect  on  the  apparent  thickness.  This  is 
shown  in  the  Table  39.  However,  it  is  evident  that  the  amount  of  error  introduced 
by  the  presence  of  the  usual  percentages  of  oxygen,  sulfur,  and  nitrogen  will  not 
be  large,  and  it  is  vmlikely  that  any  significant  error  will  be  introduced  if  an 
average  composition  of  the  deposit  is  assumed.  The  presence  of  large  amounts  of 
heavy  metals  or  metal  oxides  in  the  deposit,  however,  wovld  seriously  hamper  inter¬ 
pretation  of  the  measurements.  Another  problem  is  the  need  for  a  standardized 
calibration  procedure,  which  requires  the  production  of  standardized  films  with 
known  thicknesses.  So  far  we  have  been  using  nitrocellulose  films,  the  thickness 
of  which  can  be  measured  by  optical  refraction.  Another  factor  which  can  influence 
accuracy  is  distortion  of  the  surface  or  a  serious  wobble  in  a  rotating  tube. 
However,  this  has  been  tolerable  at  the  level  usually  encountered  with  JFTOT  tubes 
and  warped  plane  sxirfaces  by  providing  occasional  clean  surfaces  on  the  specimen 
for  measurement  references.  Another  definite  limitation  is  the  thickness  of  the 
deposit  measured.  For  each  source  there  is  a  limit  of  thickness  which  can  be  mea¬ 
sured  as  a  result  of  saturation,  i.e., capture  of  essentially  all  the  electrons 
enterit.g  the  deposit.  Thus,  the  intensity  of  the  source  was  chosen  so  that  the 
instrument  could  measure  the  2,500  X  thickness  that  we  expected  to  encounter. 
Measurements  of  thicker  deposits  would  require  a  more  intense  source. 


Table  39.  ESTIMAITD  ERRORS  IN  BETA -RAY  BACKSCATTER 
MEASUROIENTS  OF  DEPOSIT  THICKNESSES  DUE  TO 
NONCARBON  ELEMENTS 


Assumed 
Composition 
of  Deposit 

non  CH 

Error  In 
Deposit 
Thickness, 

CH 

___a) 

-_.a) 

CH2 

T,  H 

+2.0 

CHO.25 

23.5,  0 

-io 

CHS. 05 

11.0,  S 

-5.5 

CHFe.oi 

l+.l,  Fe 

-2.5 

CHPb.ooi 

1.4,  Pb 

-5.1 

a)  CH  was  taken  as  the  reference  composition. 
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The  present  instrument  is  still  und®r  development,  and  it  is  anticipated 
that  the  above  problems  will  be  sufficiently  resolved  to  allow  the  instrument  to 
be  used  for  evaluating  the  thickness  of  deposits  on  heat-exchange  surfaces,  as 
well  as  for  other  uses  in  which  it  is  desired  to  measxrre  the  thickness  of  coatings. 

Fuel  Additives  for  Improvement  of  Thermal  Stability 

One  important  consideration  in  the  development  of  fuels  for  high  tempera¬ 
ture  operations  is  the  decision  as  to  what  additives,  if  anj,',  will  be  used  with  the 
fuels.  Although  the  selection  of  the  additives  is  best  left  until  the  conditions 
under  which  a  fuel  will  be  used  are  known,  some  preliminary  investigatlcn  has  to 
be  done  in  order  to  ascertain  the  interaction  betv.'een  the  fuel  and  different  addi¬ 
tives.  One  of  the  additives  which  is  suspect  is  the  metal  deactivator,  since  it 
has  a  decomposition  temperature  of  about  5^0°F  in  bulk. 

Accordingly,  a  program  has  been  initiated  to  screen  potential  additives 
for  improving  thermal  stability,  particul'-rly  of  a  variety  which  will  function 
at  higher  temperatures.  As  a  part  of  this  investigation,  v?  have  taken  a  look  at 
iodine,  partly  because  of  the  lubricity  improving  characte "..sties  of  this  material. 
It  was  reasoned  that  if  iodine  decreases  the  coefficient  of  friction,  as  has  been 
reported  under  certain  circumstances,  then  it  might  reduce  the  deposition  tendency 
of  fuels  in  a  coker,  where  metal  from  pump  wear  might  be  t  contributing  factor. 
However,  the  addition  of  0.1  percent  iodine  to  PWA-535  jet  fuel  caused  very  severe 
deposit  formation  in  the  SD/M-7  coker  at  600°F  (code  5*5/56.5  compared  to  2.5/16 
for  the  iodine-free  fuel).  Consequently,  no  further  testing  is  planned  with  this 
additive. 


Following  a  lead  from  earlier  work  or  the  influence  of  metal  environments 
on  thermal  stability,  in  which  metallic  zinc  was  thought  to  have  a  beneficial 
effect,  zinc  2,i«--pentanedione  was  tested  in  decalin  at  600‘’F.  The  metal  was  added 
at  a  concentration  of  200  ppm  without  effect  (code  2.5/16.5  versus  2.5/15  for 
the  nonadditive  fuel)  in  the  SD/M-T  Fuel  Coker.  Further  observations  with  metallic 
zinc  in  decalin  indicate  that  the  benefit  originally  found  was  characteristic  of 
the  effect  of  metal  deactivator  (MDA;  N,N'-disalicylidene-l,2-propanediamine)  also 
present.  MDA  was  found  to  provide  improvements  in  thermal  stability  of  decalin 
up  to  600°F,  but  became  ineffective  at  higher  temperatures.  Tnis  suggested  the 
need  for  a  chelating  agent  with  a  higher  thermal  stability,  since  MDA  is  not 
stable  above  about  5^0°F. 

It  had  been  concluded  in  the  earlier  tests  that  Zn  did  not  interfere  with 
the  effect  of  MDA  on  the  deposition  tendency  of  decalin  as  did  certain  other  metals 
such  as  Ni,  Fe,  Pb,  and  Cr.  The  results  with  zinc  2, 4-pentanedione  were  therefore 
in  harmony  with  this  conclusion. 

The  beneficial  action  of  MDA  was  assumed  to  be  directly  related  to  its 
action  in  passivating  dissolved,  and  possibly  surface  metals,  and  not  necessarily 
to  the  action  of  a  zinc  chelate  which  had  been  formed.  Conceivably,  even  where 
concentrations  of  soluble  metals  are  extremely  low  (ppb  level),  these  metals  may 
nevertheless  play  a  key  role  in  oxidative  thermal  degradation  of  fuels.  Since 
virtually  all  fuel  handling  and  storage  ecuipment  is  metallic,  metal  is  always 
present,  and  even  in  glassware  tests  of  thermal  stability  the  fuel  has  been  pre¬ 
viously  in  contact  with  metals. 
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It  was  concluded  that  perhaps  a  more  stable  chelating  agent  would  extend 
the  resistance  of  fuels  to  thermal  oxidative  degradation  to  higher  temperatures 
than  does  MDA,  even  at  air  saturation  conditions.  Starting  frcm  this  premise, 
some  fifty  compounds  have  been  screened  using  the  SD/M-T  fuel  coker,  of  which  six 
definitely  have  been  found  to  be  effective  at  6T5“T00°F.  Probably  several  of  the 
others  would  also  prove  effective  at  lower  temperatures.  A  highly  saturated  jet 
fuel  of  a  JP-7  type  with  high  thermal  stability  (RAF-159”6o,  designated  F-68)  was 
used  for  the  screening  tests.  This  fuel  has  a  thermal  stability  breakpoint  by  the 
SD/m-T  coker  method  of  about  675‘’F.  Other  properties  for  this  fuel  are  shown  in 
Table  4o. 


The  simplest  member  and  first  discovered  of  the  new  class  of  thermal 
stability  additives  (additive A)  was  found  to  improve  the  coker  ratings  of  F-68 
over  the  temperature  range  of  600  to  TOO°F.  At  the  latter  temperature  the  improve¬ 
ment  in  thermal  stability  is  equivalent  to  ca  125°F.  That  is,  the  coker  deposit 
rating  at  TOO°F  is  equivalent  to  that  obtained  at  575°F  without  the  additive. 

Most  o^  the  other  compounds  tested  have  involved  structural  variations 
of  the  basic  foTn  of  additive  A  by  substitutions  of  groups  and  atonic  species  on 
and  about  the  functional  parts  of  the  molecule.  However,  in  the  work  done  to 
date,  no  one  simple  mechanism  appears  to  account  for  the  activity  of  all  the  addi¬ 
tives.  Indeed,  not  all  of  the  effective  conpoxinds  are  believed  to  be  chelating 
agents.  Some  of  the  materials  tested,  although  having  some  of  the  structural 
features  of  additive  A,  are  entirely  different  in  their  chemical  properties. 
Moreover,  we  have  no  sijnple  explanation  for  the  maximum  tempera tvu*es  at  which 
these  additives  are  effective.  Structural  modifications  which  increase  the  thermal 
stability  of  the  additive  do  not  necessarily  improve  its  effectiveness.  Most  of 
these  changes  have  resulted  in  less  favorable  activity,  some  decreasing  the  thermal 
stability  of  the  blended  fuel. 

In  four  cases  with  the  six  effective  additives,  group  substitutions  at 
the  functional  group  of  additive  A  apparently  did  not  harm  the  ability  of  additive 
A  to  enhance  thermal  stability,  and  in  addition  are  expected  to  improve  the  resis¬ 
tance  of  the  additive  to  water  leaching.  The  fifth  effective  compound  (additive 
A')  is  a  different  chemical  type,  but  the  structure  was  suggested  by  that  of  addi¬ 
tive  A.  The  sixth  additive  is  a  fluorinated  form  of  additive  A  (Ap).  The  effec¬ 
tiveness  of  these  six  compounds  and  MDA  is  shown  in  Table  4l.  Althovigh  the  effec¬ 
tiveness  of  the  additives  increases  with  temperature,  the  results  shown  in  Table  ^4-1 
demonstrate  how  an  additive  may  first  be  beneficial  and  then  become  harmful  above 
some  critical  temperature.  None  of  +he  additives  has  been  found  effective  at 
T25°F,  when  tested  at  that  level,  and  one  additive  (A')  that  was  beneficial  at 
6T5°  was  very  harmful  at  TOO°F.  The  cause  for  this  sudden  change  in  activity  with 
temperature  rise  is  due  either  to  a  thermal  stability  limit  of  the  additive  itself, 
or  to  a  change  in  the  thermal  degradation  mechanisms  with  which  the  additives 
interfere.  The  fact  that  MDA  was  not  effective  above  600°F  in  either  decalin  or 
f-68  jet  fuel  suggests  limitations  in  the  thermal  stability  of  this  additive. 

The  more  thermally  stable  additive  Ap  was  found  to  be  no  better  and  even  worse 
than  additive  A. 
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Table  4o.  DESCRIPTION  OF  JET  FUEL  RA.F-15q-60 
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Ariilix*e -Gravity  Constant  922?  Paraffins,  Mass  Spec 

_ _ _ _  Naphthenes,  Mass  Spec 


I'ri  hi, 

■  ti  -  Kr'FKCTtVl'NtllC  OF  ADDITIVE  IN  iMPROVTNC  TiIK 

i’ased  or- 

Ci.iKHI  RATTNCAi  OF  F-Wi  JET  FUEf. 

1  OD/M-T  CoFer  ratinna  at  FSO  psig,  air 

satura  ted  I'ueJ  . 

Additive 

VoT  lime 

Fcrctn  t 

Increase  in  Temperature  (‘'Fj 

1  at  Ecna’t  Tuie  Cocle  Ratin 

Liquid  Temp.  (°f):  6oo  62  j  6^0 

J  ^  J£Z\ 

112  l£2 

Table  k2. 

EFFECT  Of  ADDITIVE  A  ON  SD/M-7  COKER,  RATINGS 

OF  rdEmyLCYCLOlIEXANE 

(Air  satui’ated. 

250  psigj 

Aduitive 

Percent 

Temp . ,  °  F 

ASTM  Code,  max/to be 1 

1 

- 

u50 

I.C/T.5 

- 

- 

1.5/9,  1/8.5,  1/5 

- 

- 

500 

8/52.5 

A 

0.2  +  65ppm  lonol 

475 

5/39.5 

A 

0.2  (lonol-free) 

0.2  (Silica  gel  treated 2’^ 

475 

6/26 

A 

475 

0/0 

A 

i  k 

U75  (Silica  gel  treated,  then 
H^O  ecuilibrated ) 

475 

5/10.5 

b ) 

topper 

3130  ppn 

425 

] .0/9.5 

Copper^ ^ 

2920  ppm 

475 

1. 5/6.0 

a)  Silica  fel  ti’eatment  to  remove  dissolved  water. 

b)  Copper  added  as  copper  undecylenate. 
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Of  course,  v,e  are  most  interested  in  thermal  stability  additives  for 
endothermic  fuels,  and  have  therefore  extended  our  investigations  with  additive  A 
to  MCH.  The  breakpoint  of  air-saturated  MCH  is  about  U80°F  on  the  SD/M-T  fuel 
coker  and  rather  sharp.  Some  of  the  experimental  runs  with  MCH  are  shown  in 
Table  h2.  The  first  run  with  MCH  containing  65  ppm  lonol  oxidation  inhibitor  was 
disappointing,  in  that  it  increased  deposit  formation.  To  test  whether  this  was 
due  to  the  large  concentration  of  lonol,  v;e  next  ran  a  teLt  with  lonol-free  MCH, 
but  with  essentially  identical  results  (Table  42).  We  then  passta  MCH  through  a 
silica  gel  column  and  repeated  the  test.  As  shown,  additive  a  gave  a  deposit-free 
test  at  ’+75‘’F,  compared  to  a  code  1  rating  without  the  additive-  Presumably,  this^ 
improvement  was  due  to  dissolved  water  having  been  removed.  To  test  this  h:,'pcthe3i3 
we  put  equal  amounts  of  MCH  and  vrater  together  in  a  bottle  on  a  laboratory  shaker 
for  10  minutes,  then  carefully  decanted  off  the  MCH  and  added  0.2  percent  of  addi¬ 
tive  A  to  it.  This  sample  gave  a  3/10*5  SD  coker  rating.  Although  this  was  not  as 
bad  as  the  untreated  MCH,  it  certainly  demonstrated  the  deleterious  effect  of  water 
O’!  the  additive.  However,  other  reasons  may  exist  for  the  improved  response  of 
MCH  treated  with  silica  gel  to  additive  A  such  as  the  removal  of  other  polar  dis¬ 
solved  substances,  or  resinous  or  metallic  particles  with  the  gel  acting  merely  as 
a  depth  filter. 

To  test  the  hypothesis  that  additive  A  acts  by  effectively  removing  sus¬ 
pended  metal  from  the  fuel,  copper  in  the  form  of  copper  undecylenate  was  added  to 
MCH.  However,  even  the  rather  large  airount  of  about  J>OCiO  ppm  had  no  harmful  effecls 
on  the  rating  of  MCH  (Table  k2).  Similar  additions  of  J)00  and  3000  ppm  copper^ 
undecylenate  to  decalin  had  no  effect  whatever  on  coker  ratings  at  6OO  and  650°F, 
and  the  effect  of  additive  A  was  not  significant  at  600  and  650°F  (Table  4-3). 


Table  43.  EFFECTS  OF  ADDITIVE  A  AND  COPPER  UNDECYLENATE 
ON  THE  THERMAL  STABILITY  OF  DECALIN 


Additive 

Concentration 

Temp. ,  °F 

SD  Coker  Tube  Rating,  Max/Total 

■■  •• 

650  • 

1. 5/6.5 

A 

o.r 

600 

1.5/6. 5 

A 

o.-.i 

650 

1.0/10.5 

A 

0..- 

TOO 

5/11.5 

Copper  ' 
Copper|j 
Copper  ‘ 

300  ppm 

650 

1*5/8. 5 

300  ppm 

650 

1*5/9* 5 

5000  ppm 

650 

1*5/6. 5 

a)  Copper  Undecylenate. 
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This  stronply  su^pests  that  the  action  of  additive  A  has  nothing  to  do 
with  the  presence  of  dissolved  copper,  since  copper  appears  to  have  no  harmful 
effect  on  the  thermal  stability  of  decalin  or  MCH.  It  also  suggests  that  the 
action  of  additive  A  may  not  be  related  to  the  catalytic  activity  of  dissolved 
metals  at  all,  but  rather  to  the  activity  of  metal  surfaces  or  to  some  other 
dissolved  species.  There  is  yet  the  possibility  that  iron  or  nickel,  perhaps 
present  frotri  tt.e  MCH  synthesis  catalyst,  may  be  involved.  Further  work  is  needed 
in  this  area,  since  the  A-type  additives  seem  to  provide  a  tool  for  studying 
thermal  stability  mechanisms  in  addition  to  their  possible  practical  applications. 

Since  copper  addition  had  no  effect  on  the  thermal  stability  of  either 
decalin  or  MCH,  actual  tests  of  additive  A  wxhi  added  copper  were  net  tried.  In¬ 
stead,  it  is  planned  to  try  this  approach  in  a  fuel  sucj:  as  F-68  in  v'hich  there  is 
a  marked  benefit  of  additive  A  for  the  thermal  stability. 

Since  these  tests  had  been  made  on  the  SD/M-7  Coker,  which  operated  on 
the  recycle  mode,  a  question  arose  as  to  whether  the  result  we  obtained  with 
additive  A  was  merely  an  artifact  of  the  test  method  or  perhaps  of  the  fuels,  since 
both  fuels  tested  in  the  SD  Coker  were  virtually  100  percent  saturated.  We  there¬ 
fore  used  a  commercial  production  turbine  fuel  (F-18t)  in  the  Alco"  JFTOT  F’;el 
Test.  Here  we  found  the  same  kind  and  magnitude  of  benefits,  l.owever,  wituiout  any 
treatment  of  the  fuel  in  advance.  Results  of  these  preliminary  tests  rre  ihown 
in  Table  UU. 

Both  the  maximum  tube  temperature  and  the  fluid  effluent  temperature  are 
shown.  In  fact,  as  would  be  expected,  the  maximum  code  ratings  for  the  nonadditive 
runs  correlate  with  the  tube  temperatures  rather  than  with  the  liouid  temperatures. 
With  reference  to  liquid  temperatures,  0.1  percent  of  additive  A  increases  the 
thermal  stability  of  F-I87  by  about  117°F,  but  the  metal  temperature,  which  is 
more  significant,  is  extended  by  l6o°F.  As  before,  additive  Ap  failed  to  give  any 
improvement.  We  do  not  intend  to  screen  any  more  compounds  of  the  A-type  at  this 
time.  Instead,  the  effectiveness  and  concentration  effects  of  the  six  superior 
additives  are  being  tested  on  the  heat  sink  fuels  from  the  current  program  and  on 
a  few  p\ire  hydrocarbon  types.  The  improvement  in  the  thermal  stability  of  MCH  by 
additive  A  after  silica  gel  treatment  suggests  that  we  should  look  further  at  the 
effects  of  pre-purification  treatments,  and  also  together  with  antioxidants,  anti- 
icants,  corrosion  inhibitors,  and  lubricity  additives  in  selected  cases.  This  will 
be  combined  with  storage  stability  studies  of  the  most  pixjmising  combinations  of 
additives  and  fuels.  As  soon  as  supplies  of  SHELLDYNZ-H®  fuel  are  available,  work 
will  be  started  to  select  the  most  desirable  additives  for  this  material. 

Most  of  the  future  work  will  be  done  using  the  Alcor  JFTOT  Fuel  Tester, 
so  that  realistic  concentration  requirements  can  be  determined.  The  fuel  makes 
over  a  hundred  passes  per  test  in  the  SD/M-7  coker  but  only  a  single  pass  through 
the  hot  test  zone  in  the  JFTOT.  Hence,  testing  in  the  JFTOT  may  indicate  a 
greater  effectiveness  for  the  additive  and  a  higher  temperature  or  lower  concen¬ 
tration  requirement  for  its  use,  especially  if  the  additive  is  limited  by  its  own 
thermal  stability. 
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Table  _ El'FECT  OF  ADDITrvE  A  ON  ALCOE  JFT( 

TEST  RATINGS  0?'F"115y’’YiJRBI’FE '  RIEL  ' 


Additive 

-  Percen  . 

— 

Temx)erature,  '^F 

ASTM  Ra. tings ; 

Max .  Tube 

1  Liquid  Effluent 

1 

maximum  code 

A 

-  0.l6 

579 

4li 

0 

A 

-  0.1 

605 

457 

0 

A 

-  0.1 

680 

485 

1 

A 

-  0.1 

728 

505 

1.5 

A 

-  0.1 

724 

528 

2 

Ap 

-  0.1 

724 

528 

8 

-- 

-- 

568 

411 

2 

-- 

580 

4o8 

5 

-- 

— 

575 

409 

_ 

2.5 

iit  ri’l:  .111  ;uici  L  t,  i  vf^r;  for  impi’ovirir;  the  themal  stability  of  fuels  is 
'i  ;;i  st'i'^'ral  li  i  rec  t  Loiis ; 

1.  The  rt' 1  a  t  i  on.sh  ip  ol'  aoditive  concentration  to  temperature  level  will 
ho  invoG  t  ipri  ted . 

2.  Suitability  of  additives  of  this  tj'pe  to  various  other  endothermic 
fuels  will  be  explored,  together  with  some  study  of  the  effect  of 
lYicl  hydrocarbon  type  composition. 

3.  F^ossible  interaction  problems  with  other  jet  fuel  additives  and  common 
impurities  will  be  examined. 

h.  Interaction  effects  with  catalyst  systems  now  under  study  will  be 
investigated . 

а.  Possible  deleterious  side  effects  may  be  uncovered,  particularly 
with  respect  to  other  fuel  properties  and  storage  stability. 

б.  Studies  of  the  theory  and  mechanism  of  deposit  formation  as  related 
to  the  action  of  A-tj.’pe  additives  will  be  pursued. 

Hydrocrackate  Jet  iliels 

Modem  refiriery  processing  has  progressed  to  the  point  that  certain  pro¬ 
cessed  hydrocarbon  mixtures  may  be  sufficiently  high  in  naphthene  content  to  be 
good  endothermic  fuel  candidates.  Accordingly,  we  have  measured  the  thermal 
stability  of  hydrocrackate  jet  fuels. 

.  ydrocracking  is  generally  a  two-stage  process  which  is  designed  to 
redvsee  the  molecular  weight  of  gas  oil  components  under  hydrogenating  conditions 
to  produce  fractu'ons  which  can  be  incorporated  into  gasoline  and  jet  fuels.  Ihis 
process  is  coming,  into  increasing  use,  and  will  be  relied  upon  more  and  more  to 
supply  the  increasing  demand  for  jet  fuels  in  the  future.  Since  hydrogen  require¬ 
ments  and  operating  conditions  are  directly  related  to  the  amount  of  aromatics 
left  in  the  h,ydrocrnckate,  economics  demands  the  highest  permissible  aromatic  con¬ 
tent  L,  the  jet  fuel  boiling  range.  This  could  have  an  adverse  effect  on  thermal 
stability.  C)n  the  other  hand,  deep  hydr  x:racking  might  produce  a  very  stable  fuel. 
Since  thei'e  are  no  published  data  available  on  this  subject,  we  have  obtained  two 
sfinrp]  es  from  the  Shell  Emery/ille  pil  ot  plant  operation,  one  from  each  stage, 
having  30  and  10  percent  aroma  t  ics  contents  (designated  F-155  and  F-l?6,  respec¬ 
tively^.  The  former  could  be  used  for  blending  purposes  with  a  predominantly 
jxira ff in Ic  otraightrim  material,  and  the  second  might  be  used  as  fuel  directly. 

A  .series  of  SD/M-7  Coker  runs  on  these  two  samples  are  shown  in  Table 
from  which  code  2.3  tube  rating  brea  oints  of  405  and  555 “F  were  estimated;  the 
high  aromatics  .sample  from  the  first  stage  (F-i55)  was  the  more  stable  fuel,  which 
wa.a  a  .aurpri.eing  result.  Both  ratings  are  better  then  specifications  for  jet  fiiels; 
the  U03'’F  breakpoint  is  characteristic  of  a  good  jet  fuel.  Filter  plugging  tenden- 
cie.s  were  actually  more  limiting  than  tube  deposits,  reaching  values  of  13  inches 
of  mercury  for  pressure  drops  at  55f°f  tor  both  samples.  Mo  fuel  additives  were 
included,  and  since  these  are  samples  from  a  rattier  small  pilot  plant  they  are 
'"•rely  .suggestive  of  what  would  be  produced  from  commercial  scale  pla  ts-  No 
further  work  in  this  area  is  planned  at  this  time. 
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Table  4$.  SD/M-7  COKER  RATINGS  OF  IIYLRCCRACKATE  PET  FUELS 


Fuel 

Temperature,  °F 

Filter  Pressxire  Drop,^^ 
psi 

~  — 

ASW  Code  Ratings^ ' 
max. /total 

F-155 

500 

4o 

8/35 

F-155 

425 

12.4 

5.5/18.5 

F-155 

1*25 

74.4 

5/20 

F-155 

42  5 

100 

4/18 

F-155 

400 

— 

(2.5/8) 

F-155 

375 

24.1 

0.5/9. 5 

F-155 

350 

7.7 

0/10 

F-155 

325 

0.5 

1/6 

F-155 

1*05 

-- 

(2.5/10.5) 

F-156 

425 

35.4 

CD 

F-156 

4oo 

53.7 

4/14 

F~156 

350 

5.5 

1/4 

F-156 

325 

1.6 

2/8 

f-156 

555 

(6.4) 

(2.5/10) 

l)  Bracketed  values  are  interpolations  to  obtain  breakpoint  temperature 
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Modifications  and  Assembly  of  Thermal  Stability  Appara t us 

The  ancillary  equipment  for  the  special  high  severity  'Tsarebones"  JFTOT 
received  from  tlie  Alcor  Corporation  has  now  been  installed,  including  a  constant 
speed  pump,  watt  meter,  and  pressure  transducer.  The  constant  speed  pump  coiisists 
of  a  Zenitli  No.  l/2  pump  driven  by  a  1/50  h.p.  Bodlne  motor.  However,  this  motor 
is  slightly  underpov;ered  and  we  have  now  installed  a  Minarik  Electric  speed  and 
torque  controller,  which  has  overcome  this  problem.  The  pump  normally  turns  at 
10  rpm,  but  is  capable  of  flows  four  times  that  rate. 

Temperature  is  controlled  at  the  maximum  tube  temperature  point,  which  is 
0.85  inch  from  the  discharge  end  for  alimiinum  tubes  and  0.6  inch  for  stainless  and 
ordinary  steel.  A  Guardsman  West  Controller  is  be  ng  used  satisfactorily  in  this 
application.  Wf  hav?  also  installed  a  liquid  effluent  thermocouple  in  the  dis¬ 
charge  hole  of  the  preheater  with  readout  on  a  Honeywell  strip  recorder. 

Nitrogen  pressure  on  the  system  is  read  on  a  Heise  Gage  (0-l,000  psig), 
while  the  filter  pressure  drop  is  measured  by  a  0-5  psi  Stretham  Pressure  Trans¬ 
ducer  and  read  out  on.  another  Honeywell  strip  recorder.  Nitrogen  pressure  is 
controlled  by  a  simple  two-stage  Victor  regulator. 

Voltage  CO  the  pump  motor  and  preheater  Variac  is  supplied  by  a  Stabiline 
Automatic  Voltage  Regulator  capable  of  controlling  to  t  l/20  volt.  All  oth^r  equip¬ 
ment  is  the  same  as  supplied  by  Alcor  Inc. 

Besides  the  standard  alianlnum  tubes,  tubes  made  of  stainless  steel  and 
No.  1015  steel  already  have  been  obtained  and  tested.  The  steel  tubes  all  appear 
to  give  more  severe  ratings  than  does  aluminum,  but  several  factors  complicate 
this  comparison,  such  as  temperature  profile  and  metal  color  change,  so  that  true 
comparison  awaits  the  proper  application  of  the  beta -ray  backscatter  deposit 
analyzer.  Other  metals  such  as  Inconel,  nickel,  and  Incoloy  are  also  being  ob¬ 
tained  for  conparison  studies  in  JFTOT  tubes.  A  complete  list  of  tube  metals  now 
on  hand  as  JFTOT  tubes  is  shown  in  Table  k6.  Except  for  Haynes  25 >  these  and 
alvaninum  have  been  run  on  a  Jet-A  type  fuel  for  evaluation  of  catalytic  effects 
of  metals  on  fuel  deposition  tendency.  The  tubes  are  currently  being  rated  by 
the  beta -ray  backscatter  technique,  and  will  be  rated  afteivards  by  combustion  for 
confl^’ination.  Calibrations  on  the  various  metals  are  still  being  made  using 
1000  A  nitrocellulose  film.  Following  satisfactory  completion  of  this  wo-^k,  the 
effect  of  these  different  tube  metals  will  be  determined  on  MCH. 

Assistance  was  obtained  from  Alcor  Inc.  and  from  Pratt  and  Whitney,  East 
Hartford,  Connecticut,  on  obtaining  some  of  these  special  materials.  In  general, 
tubing  with  a  5/16"  OD  and  approximately  0.68"  ID  for  fabricating  these  tubes  is 
difficult  to  locate.  Alcor  Inc.  has  manufactured  coker  tubes  by  attaching  3/l6" 
end  pieces  of  gold-plated  brass  to  the  desired  I/8"  test  section,  and  we  have 
obtained  two  of  these  tubes  for  testing.  We  are  not  sure  whether  tlie  birass, 
although  gold-plated,  is  entirely  innocuous  in  tlie  deposition  mechanism. 

The  high  tempera  j  version  of  the  JFTOT  which  we  obtained  was  designed 
for  openition  up  to  1000°?  and  1000  psig.  So  far  we  have  only  operated  the  rig 
at  300  psig,  and  the  highest  tube  temperature  we  have  tested  has  been  T^k°F  (528°F 
liquid  effluent  temperature).  At  this  temperature  and  even  lower,  the  tube  becoraes 
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bent  during  the  run  so  that  it  is  no  longer  concentric  wi Lh  the  outer  shell.  Of 
course,  this  is  due  to  the  thermal  expansion  of  tie  tube,  which  is  restricted  by 
the  clamping  restraints  of  the  end  seals.  This  e\ent  seems  to  cause  an  actual 
change  in  the  temperature  difference  between  the  tube  control  point  and  the  liquid 
effluent  during  the  course  of  the  run. 

We  have  attempted  to  overcome  this  problem  by  substituting  the  rubber 
O-ring  seals  with  TEFLON®  seals,  which  are  more  slippery,  and  applying  a  high 
electrically  conductive  lubricant  to  the  electrical  end  clamps,  in  the  hopes  that 
the  inner  tube  might  slip  during  expansion.  However,  to  provide  good  electrical 
connection  with  the  aluminum  txibes  the  clamp  ing  must  still  be  too  tight  to  allow 
for  slippage  during  thermal  expansion,,  and  the  tubes  still  bend.  Perhaps  with 
steel  tubes  this  approach  may  work,  but  some  redesign  might  be  required.  The 
bending  can  be  particularly  bothersane  with  the  beta -ray  backscatter  device  since 
It  alters  the  distance  from  the  source  to  the  tube.  This  causes  a  sinusoidal 
fluctuation  in  the  recorder  output  even  on  bare  metal  and  if  extreme  would  preclude 
the  use  of  this  method. 

Several  comparisons  have  been  made  between  the  JFTOT  and  ASM  methods  on 
the  same  commercial  turbine  fuels,  as  shown  in  Table  U?.  These  are  all  production 
fuels  of  recent  date.  The  two  methods  are  within  l/s  code  number  of  each  other 
generally,  and  at  least  as  close  as  the  probable  repeatability  of  either  method. 

Two  rxms  on  the  same  F-187  fuel  using  stainless  steel  JFTOT  tubes  are 
also  included  for  comparison.  However,  until  these  tubes  can  be  rated  by  the 
beta-ray  backscatter  method,  the  true  relative  effects  of  aluminum  and  stainless 
steel  will  not  be  known,  since  the  steels  themselves  change  color  cn  elevated 
heating.  We  do  knew  from  preliminary  tests  that  a  code  2  1/2  rating  on  a  stain¬ 
less  steel  tube  was  found  by  beta -ray  backscatter  measurement  to  have  a  thickness 
of  less  than  50  A,  while  a  code  l/2  deposit  on  aluminum  with  a  whitish  appearance 
(normally  thought  to  be  thinner)  could  be  readily  observed. 

Recent  experience  with  the  Alcor  JFTOT  Fuel  Tester  showed  that  we  were 
experiencing  errors  in  control  temperatures  due  to  worn  insulation  on  the  control 
thermocouple.  This  emphasizes  the  need  to  inspect  carefully  «nd  regularly  the 
condition  of  the  Insulation  after  each  run  and  to  replace  the  .'•hermocouple  as 
needed . 


To  improve  the  accuracy  of  our  tube  metal  temperatures,  we  have  installed 
a  double  thermocouple,  one  which  actuates  the  West  temperature  controller  and  one 
vdiich  reads  out  on  a  millivolt  strip  chart  recorder.  The  latter  is  much  more 
accurate  and  readable  than  the  West  controller  dial  and  Is  not  sensitive  to  thermo¬ 
couple  resistance.  Liquid  temperatures  are  also  read  out  on  a  strip  chart  recorder 
as  before.  We  believe  the  millivolt  strip  chert  recorder  is  a  more  accurate 
instrument  for  the  measurement  of  tempera ture.'^  than  the  digital  Honeywell  recorder 
used  as  standard  equipment  with  the  .Alcor  Fuel  Tester. 

SD/M-7  Fuel  Coker 

A  Beckman  Oxygen  Analyzer  (Model  778)  has  been  Installed  on  the  SD/M-7 
Fuel  Coker.  However,  this  instrument  is  limited  to  operation  at  or  below  50  psi 
maximum  pressure,  and  hence  cannot  be  used  ccsntinuously  throughout  the  test  period. 
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Since  the  teat  method  depends  upon  diffusion  of  oxygen  through  a  semipemeebie 
membrane,  the  flo-y  velocity  of  the  test  fuel  past  the  detector  head  muat  be 
talned  at  a  minimum  of  1.8  ft/sec.  To  accomplish  this  a  special  fitting  0 

restricted  passage  was  designed  and  built.  The  analyzer  actvially  meas'  ria 

oxygen  partial  pi*essure,  and  Therefore  the  pressure  at  the  pickup  muf 
known  to  permit  calculation  of  O2  in  ppmw.  Static  pressure  at  the  pi  “liig 

measured  with  a  Statham  pressure  transdxKser  readout  system.  Pressure  dxv>p  » — ocs 
the  restricted  passage  has  been  determined  to  be  about  0.4  psi,  and  so  the  pressure 
at  the  pickup  is  simply  taken  to  be  0.2  psi  less  than  the  upstream  pressure  read¬ 
ing.  This  is  a  trivial  correction. 

Currently  the  oxygen  can  only  be  measured  at  the  beginning  and  end  of  the 
test,  that  is,  before  and  after  operating  at  high  pressTire.  After  meas-'rement  of 
Qs  cOTicentration,  the  detector,  which  is  located  on  a  by-pass  leg  at  the  discharge 
end  of  the  pump,  is  Isolated  from  the  rest  of  the  system  for  the  remainder  of  the 
coker  run.  This  is  an  undesirable  coiidition,  but  it  will  suffice  until  a  detector 
is  designed  and  built  which  will  withstand  greater  pressures. 


STOKAOE  STABILITY  OF  MCH  AND  SHPT.T.nYWP:-H®  FimS 


Storage  stability  tests  which  were  started  over  four  years  ago  have  been 
completed  and  the  results  evaluated.  At  that  time  samples  of  pxire  NK3H  were  stored 
in  the  130®F  hot  room.  Samples  were  packaged  in  one  gallon  epoxy  lined  pails  with 
a  2:1  ullage  ratio  with  oxygen  concentrations  from  pure  Qg  to  pure  Ng.  Several 
phenolic  and  diamine  type  oxidation  inhibitors  were  included,  as  well  as  MDA,  in 
some  of  the  samples,  while  control  samples  ccntalned  no  additives  at  all. 

Examination  of  the  samples  for  soluble  and  Insoluble  gum  gave  no  indica¬ 
tion  of  deterioration  in  any  of  the  samples  during  this  period  of  storage.  No 
insolubles  were  observed  in  any  case  and  steam  jet  gums  were  less  than  1  milligram 
per  deciliter.  No  indication  of  discoloration  was  observed.  Finally,  coker  tests 
showed  no  loss  whatever  of  thermal  stability.  In  fact,  the  actml  ratings  were 
better  tlian  those  obtained  on  the  fresh  material  prior  to  this  severe  exposTire. 

The  storage  stability  of  SHELLDYNE-H®  fuel  over  a  shorter  period  has  al^so 
been  investigated  Li  accelerated  tests.  Three  different  batches  of  SHEILDYNE-IP 
fuel  with  minor  differences  in  bromine  number  have  been  exposed  to  200'’F  constant 
temperature  for  18  and  30  hours.  Three  different  oxidation  inhibitors  were  tested 
in  cootparlsan  with  the  nonaddltive  material,  and  all  samples  were  blanketed  with 
pure  oxygen.  Exposed  samples  were  examined  for  both  soluble  and  Insoluble  gims. 

Unfortunately,  results  of  these  tests  showed  no  consiatency,  either  with 
ireapect  to  exposure  time  or  to  the  piresence  of  inhibitors  (Table  48 j.  Apparently 
an  unknown  factor  was  influencing  the  results;  the  450®F  temperature  of  the  standard 
steam  Jet  was  probably  too  low  to  drive  off  all  the  SHELLDYNT-H®  fuel.  Accordingly, 
the  steam  Jet  temperature  was  raised  to  SOO^F  and  the  results  were  more  consistent. 
However,  even  on  this  basis  the  results  are  quits  erratic  and  it  is  possible  that 
some  other  factcu*  is  affecting  the  results. 

On  the  basis  of  our  preaent  results.  It  appears  that  the  ][dienollc  inhibi¬ 
tor  24n6b  (duPont  22)  is  the  most  efficacious  antioxidant  for  this  fusl. 

Table  48  fcHlowe 
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Elastomer  Interactions  With  SHELLD'£NE-H®  fUel 


Three  SHELLDYNE-H®  iXiel  samples,  which  were  exp)osed  to  different  elastomers 
by  Atlantic  Research  Corporation  (contract  F556l5'-69-C“l8U9),  have  now  been  tested 
fxirther  to  determine  any  possible  solution  of  elastomer  or  leaching  of  plasticizer 
during  this  exposure.  In  Figure  37  it  is  shovm  that  the  U.S.  9kl  Viton/Noraex  nylon 
had  the  maximum  effect  on  the  light  transmission  properties  of  SHELLDYNE-H®  fuel 
in  the  555"375  millimicron  wavelength  range,  although  ciirlously  the  U.S.  309^  Vlton 
gave  the  only  significant  change  in  refractive  index  as  compared  to  the  original 
stock  (see  Table  4-9).  Results  of  microgum  analyses,  which  Indicate  the  amount  of 
high  boiling  materials  present,  are  shown  in  Table  49.  Ihese  were  run  at  26o°C 
under  vacuum,  at  which  conditions  about  0.8  mg.  carbon/lOO  g  sample  was  obtained 
with  the  unexposed  fuel.  Fuel  exposed  to  either  U.S.  9^1  Viton/Nomex  nylon  or 
U.S.  309U  Viton  gave  about  double  this  amount,  but  only  the  sample  in  contact  with 
U.S.  566  Nitrile  Nylon  gave  markedly  higher  res’olts  (20  times  as  much). 


Table  4q.  MICRQGUM  AND  REFRACTIVE  INDEX  ANALYSES  OF  SHELLDYNE-H®  FUEL 
SAMPLES  SOAKED  WITH  ELASTOMERS  FOR  A  PERIOD  OF  SIX  MONTtC 


Elastomer 

Microgum  (expressed  as  carbor ) 
mg/lOOe  SHELLDYNE-H®  Fuel 

none 

0.8,  0.9 

1.5396 

U.S.  941  Vibon/Nomex  Nylon 

1.6,  1.8 

1.5594 

U.S.  3094  Viton 

1.6,  1.9 

1.5383 

U.S.  566  Nitrile  Nylon 

15.6,  16.6 

1.5394 

Ihxis,  three  different  methods  have  each  selected  a  different  elastomer  as 
the  one  having  the  most  interaction  with  SHELLDYNE-H®  fuel.  Nitrxle  nylon  appar¬ 
ently  contributes  the  most  heavy  material  to  SHELLDYNE-H®  fuel,  although  this 
material  apparently  has  a  smaller  effect  upon  light  transmission  and  refractive 
index  than  do  the  impurities  from  the  other  two  elastomers.  This  suggests  the 
possibility  of  micelle  or  suspended  solids  formation  in  the  Nitrile  nylon  sample, 
which  visual  inspection  in  room  light  confimied.  Both  a  yellow  tint  and  a  slight 
turbidity  were  observed.  The  otlier  three  samples  were  all  water  white  and  free  of 
apparent  solids  content.  Since  neither  micelles  nor  solids  affect  transmission  of 
light  of  short  wavelength  appreciably,  the  more  minor  effect  of  the  Nitrile  nylon 
on  refractive  index  and  light  absorption  is  at  least  partially  explained. 

In  a  final  series  of  tests,  the  four  samples  of  SHELLDYNE-H®  fuel  of 
Table  49  were  run  by  GLC  analysis.  Ihe  three  samples  which  had  been  soaked  with 
elastomers  all  showed  a  small  unidentified  peak  re3)re8entlng  about  a  0.1  percent 
impurity,  which  was  not  OTesent  in  the  original  stock.  Other  than  that,  the  elas¬ 
tomer  soaked  SHELLDYNE-H®  fuel  samples  all  gavx  similar  GLC  analyses.  Ihe  impurity 
could  either  have  been  introduced  to  the  or^gl^^l  material  In  handling  prior  to 
scmklng,  or  might  have  come  from  the  polyme:  .  Lm  (wMch  appeared  to  be  polyethylene 
or  polypropylene)  which  had  been  placed  over  ti.  ^  sh  xlng  bottles  prior  to  capping. 


Figure  37  follows 
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Figure  37  EFFECT  OF  EXPOSURE  OF  SHELLDV 
TO  DIFFERENT  ELASTOMERS 

PL-TR-70-71 
16 


Whatever  effecc  this  film  might  have  had,  it  probably  would  have  been  the  same  for 
all  three  elastomer  soaked  samples.  The  fresh  SHELLDYNE-H®  fuel  came  from  our  own 
retainer  stock  and  was  not  exposed  to  the  film.  For  the  GLC  procedure  used,  in 
which  the  sample  size  was  1  microliter,  the  detection  limit  is  about  0.01  percent, 
unless  the  small  impurity  peaks  are  close  to  one  of  the  larger  peaks,  in  which  case 
sensitivity  would  be  much  less. 

In  summary,  we  feel  that  the  microgum  test  gives  the  more  significant 
results  with  regard  to  compatibility  of  these  elastomers  with  SHELLDYNE-H®  fuel. 

From  previous  experience  with  SHELLDYNE-H®  fuel  it  has  been  shown  that  light  trans¬ 
mission  properties  do  not  necessarily  correlate  with  coker  test  results.  The  reduc¬ 
tion  in  light  transmission  indicates  the  presence  of  trace  contamination,  but 
thermal  stability  tests  would  be  required  to  demonstrate  any  adverse  effect  on  the 
fuel. 


THERMAL  STABILITY  OF  NEW  BATCH  OF  METHYLCYCLOHEXA.NE 

A  new  batch  of  1200  gallons  of  MCH  has  been  made  by  hydrogenation  of  tol¬ 
uene,  and  on  checking  this  material  for  themal  stability  it  was  found  to  be  defec¬ 
tive  when  compared  to  the  FdCH  remaining  from  the  last  production  run.  It  appeared 
that  the  cause  of  the  poor  thermal  stability  ratings  was  due  to  presence  of  sus¬ 
pended  nickel  catalyst  particles,  although  this  is  surprising  since  the  MCH  had 
been  distilled.  Refractive  index  determinations  of  the  twelve  drxams  of  product 
showed  no  variations  whatever.  SD/M-7  coker  tests  at  *4-75 °F  demonstrated  that  silica? 
gel  treatment  brought  the  fuel  up  to  sta,.idard  and  that  filtration  through  a  0.45- 
micron  membrane  filter  gave  even  greater  improvement.  Thus,  two  methods  for  up¬ 
grading  were  available.  We  are  now,  therefore,  filtering  the  MCH  through  a  0.2- 
micron  membrane  filtei-,  and  will  blend  the  new  material  with  the  MCH  now  in  the 
storage  tank  as  soon  as  coker  tests  confirm  a  high  thermal  stability.  This  method 
of  upgrading  is  comparatively  simpler  and  cheaper  than  that  of  silica  gel  treatment. 


ESTIMATION  OF  PHYSICAL  PROPERTIES  OF  FUEI5 


JP-T  Jet  Pael 

Revised  physical  properties  for  JP-7  Jet  fuel  (f-71)  have  been  obtained 
using  improved  predictive  methods  and  are  given  in  the  Appendix.  These  teclmiques 
were  used  in  estimating  physical  properties  for  decalin  and  JP-5  jet  fuel.^'  The 
F/T  behavior  of  the  ras  was  represented  by  the  Redlich-Kwong- Ackerman  reduced 
equation  of  state 


Z 


"RK 


+  Z.1 


(13) 


where  Z 
^RK 


2 1 ,  Zy 


compressibility  factor 

compressibility  factor  calculated  by  the  Redlich-Kwong  equation 
of  state^'^) 
acentric  factor 

generalized  functions  of  reduced  pressure  and  tempereture 
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Tlie  ideal  gas  heat  capacity  was  represented  by  the  gronp  contribution  met. hod  or 
R ihan 1 -Dora i swamy ' 

Cp®  -  a  +  bT  +  cT^  +  dT'-  (li|.) 

where  c  p“  ---  ideal  gas  heat  capacity 

a,b,e,d  =  parameters  determined  by  groU|  contr.ibuticTs 

Most  of  the  other  gas  properties  were  obtaijned  from  these  two  properties  using 
theimiodynamic  relationships. 

Chemical  analyses  indicated  that  JP-7  is  composed  primarily  of  pa'  ai'fins 
the  Cxi  "to  Ci6  range.  Hence,  the  critical  properties  of  the  normal  i^araffins 
in  this  molecular  weight  range  were  used  to  obtain  pseudocritical  properties  for 
the  Jet  fuel.  Pseudocritical  temperature  and  pressure  were  defined  as 

’■=  =  Y.  (15) 
i 

i 

where  y^  =  mole  fraction  of  component  i 

=  individual  compo^-ent  critical  properties 

In  addition,  the  acentric  factor  was  obtained  from  experimental  vapor  pressure 
date.,  and  'the  Rihani-Doraiswamy  coefficients  for  the  fuel  were  taken  as  molar 
averages  of  the  cocfficioits  for  the  individual  norma]  paraffin  components. 

Liquid  properties  were  revised  in  the  following  manner.  Previous  esti¬ 
mates  of  density  were  corrected  to  agree  with  an  available  experimental  density 
at  6o®F  and  the  critical  density  as  predicted  by  the  eouation  of  state.  Liquid 
enthalpy  and  heat  capacity,  being  based  on  the  revised  gas  properties,  were  also 
revised : 


H,  =  Hg  - 

c  c  - 
,P1  Pg  dT 


where  Hi,Hg 

c  ,  ,c 
pi  pg 


liquid  and  gas  enthalpy,  respectively 
liquid  and  gas  heat  capacity,  respectively 


=  enthalpy  of  vaporization 


(it) 

(18) 
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Also,  revised  values  of  liquid  thermal  conductivity  were  obtained  by  the  Robbins- 
*fingrea  correlation. Pi’evioxis  estimates  of  vapor  pressure,  enthalpy  of  vapor~ 
ization,  and  liquid  viscosity  were  left  unchanged. 

The  revised  properties  are  considered  to  be  better  than  previous  values,*^' 
becaxise  the  most  recently  proven  correlations  have  been  used  and  experimental  data 
have  been  applied  where  possible.  They  agree  well  with  published  or  predicted 
■■•lues  ‘or  similar  petroleuai  fractions.  The  greatest  iinpi*ovement  has  been  made 
with  liquid  heat  capacity  and  thermal  conductivity.  Ccaaparison  with  heat  transfer 
experiments  made  previously  In  the  FSSIR®'  showed  that  the  new  heat  capacity  values 
ere  far  sui)erior  to  the  old  values. 

Binary  Mixtures  of  Methylcycldhexane  and  a  Low  Molecular  Vei^t  ftydrocarbon 

PlOTical  properties  were  estimated  for  binary  mixtures  of  methylcyclo- 
hexane  (MCkI  and  a  low  molectilar  wei^t  hydrocarbon.  These  properties  are  tabu¬ 
lated  in  the  Appendix  for  mixtures  containing  ethane,  propane,  and  n-butane. 

Mixture  properties  were  estimated  frcm  known  properties  of  the  individual  consti¬ 
tuents.^'  ' 


The  following  pi-operties  were  calculated  as  molar  averages  of  the  pure 
canponent  properties: 

Paeudocritical  Temperatvire 

Pseudocritical  Volume 

Paeudocritical  Compressibility  Factor 

Acentric  Factor 

Heat  of  Formation 

Net  Heat  of  Combustion 

Liquid  Specific  Gravity 

Vapor  Pressure 

The  above  psexxiocritical  properties  were  used  to  calculate  the  psexidocritical 
pressure  by  the  equation  of  state 

P  =  (19) 

V- 

''C 

where  Pg  =  pseudocritical  pressure 

Tg  -  pseudocritical  temperature 

=  psexidocritlcal  compressibility  factor 
-  pseudocritical  volume 
R  =  universal  gas  constant 

The  liquid  viscosity  was  calculated  by  a  molar  average  of  the  logarithimic  function 
of  viscosity: 


Ln  u 


In  Uj 


(20) 
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where  n  =  viscosity  of  mixture 

=  viscosity  of  pvtre  corapanent  i 
xj  =  mole  fraction  of  component  i 

The  mixture  enthalpy  was  estimated  as  the  molar  average  of  the  pure  exponent 
enthalpies  at  those  conditions  where  both  cesnponents  are  gases  or  liquids  in  their 
pure  state.  Nonideal  mixing  effects  are  not  appreciable  in  these  systems  and 
were  neglected  in  the  calctilations.  At  those  conditions  where  the  mixture  is  a 
gas  dissolved  in  MCH,  the  calculated  enthalpy  was  reduced  to  account  for  the  heat 
of  absorption  of  the  gas. 

15ie  melting  points  for  the  mixtures  are  based  on  experimental  data  for 
mixtures  of  MCII  and  propane.  Melting  and  freezing  points  were  measvired  for  MCH- 
propane  mixtures  of  three  different  compositions  (Figure  38).  An  equation  of  the 
Claus i\i£?-Clapeyran  type  can  be  used  to  relate  composition  and  melting  point: 


1  1  ^  R  , 

Tf  ^  ^-MCH 


(21) 


where 


*MCK  " 

Kf  == 


melting  point  of  mixture 
melting  point  of  MCH  (“126.6“C  = 
heat  of  fusion  of  MCH 
mole  fraction  of  MCH 


RTfo 


=  melting  point  depression 


i1+6.6‘’k) 


constant 


Equation  (2l)  can  be  approximated  by 


(22) 

(23) 


Linear  regression  of  the  data  was  used  to  determine  empirical  coefficients  for 
Equations  (21 )  and  (23)  with  the  following  results.  For  Eqmtion  (21 ) 

11  ^f 

where  -  35.i4'’K 

For  Equation  (22) 

"^f  "  "^fo  “*^f  “  ^CH^ 

where  =  IK).86°K 

If  the  known  heat  of  fusion  (16.43  cal/gm)^**)  is  used  in  Equation  (22),  the  theo¬ 
retical  melting  point  depression  constant  is  found  to  be  26.47°K,  quite  different 
from  the  above  values.  Melting  points  predicted  with  this  theoretical  constant 
differ  significantly  from  the  data  (Flgxires  38  and  39).  Both  Equations  (24)  and 

Figures  58  and  39  follow 
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MELTING  POINTS  OF  METHYLCYCLOHEXANE  -  PROPANE  MIXTURES 


Fraction  Propane 
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MELTING  POINTS  OF  METHYLCYCLOHEXANE  -  PROPANE  MIXTURES 


(25)  with  the  empirical  coefficients  lie  within  the  accuracy  of  the  data;  they  fit 
the  data  better  than  the  theoretical  predictions.  Since  Equation  fe5)  is  simpler, 
it  was  chosen  to  represent  the  melting  points  of  low  molecular  weight  hydrocarbons 
mixed  with  MCH.  Calculated  melting  points  are  listed  with  the  other  physical 
properties  of  these  mixtxires  in  the  App>endix. 

SFRT.T.hYME-H*  Hydrocarbon  Fuel 

The  surface  tension  of  SHELLDYNE-H®  fuel  has  been  meas^lred  at  three  tan- 
peratures  by  the  du  Nouy  ring  method.  These  data  correlated  quite  well  to  fit 

7  =  a  (T^  -  t)"  (26) 

where  y  =  svirface  tension  (dyne/cm) 

T  =  temp^’rature  (°C) 

Tq  =  critical  temperature  (550“C) 
a  =  0.010 
n  =  1.33 

Measured  and  extrapolated  values  of  the  surface  tension  are  given  in  Table  50  and 
Figure  Up. 


Table  50.  SURFACE  TEIB ION  OF 
SHELLDYNE-#  FUEL 


.1,  “C 

Surface  Tens 

SSSRSSSKSRIII 

Measured 

Predicted 

0 

1*2.0 

25 

39. 1^ 

50 

36.7 

36.8 

75 

54.5 

100 

31.8 

200 

22.1* 

500 

13.8 

400 

6.5 

500 

0.9 

550 

0 

SUPERSONIC  COMBUSTION  OF  HYDROCARBOjC 

The  methods  used  in  obtaining  and  analyzing  our  supersonic  ccmbxistlon 
data  have  been  re-evaluated.  Some  improvements  in  the  equipment  have  been  made. 
A  new  equation  has  been  used  to  correlate  the  ignition  delay  times.  Some  new 
experimental  data  have  been  obtained.  The  rate  of  combustion  of  tetralln  has 
been  investigated. 


Figure  40  follows 
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Experimental  Egiilwent  and  Conditlcma 


Several  problans  have  been  encoxmtered  In  operating  the  shock  tube  with 
heavier  hydrocarboii  fuels.  The  tube  had  to  be  heated  to  U0“80“C.  Ihe  resvilting 
thermal  stresses  were  hard  on  the  resistance  gauges  which  were  \ised  to  measure 
the  velocity  of  the  shock  wave.  As  constructed,  the  gaxiges  were  somewhat  fragile. 
They  consisted  of  a  thin  layer  of  platinum  which  had  been  sputtered  onto  a  quartz 
disc  encased  in  Eakelite.  The  differences  in  thermal  expansion  and  the  structvtral 
weaknesses  led  to  frequent  cracking  and  shorting.  A  sturdier  device  was  designed 
and  built.  A  similar  design  was  used  but  the  Bakelite  body  was  replaced  with 
aluminum.  The  quartz  disc  was  replaced  with  Grade  A  Lava  ceramic  glued  into  the 
body  with  an  epoxy  resin.  The  platinmn  film  was  painted  on  as  Liquid  Bright  Plat¬ 
inum,  Hanovia  No.  05-X.  The  improved  resistance  gauges  have  proved  to  be  more 
reliable  and  have  about  the  same  dynamic  response  as  the  more  fragile  gauges  used 
previously. 

The  mechanism  for  puncturing  the  shock  tube  diaphragms  had  to  be  modified 
by  replacing  the  gasket  with  one  able  to  withstand  higher  temperatures.  A  nylon 
tip  is  now  used  on  the  plunger  which  has  improved  the  life  and  reliability  of  the 
plunger. 


In  order  to  prepare  gas  mixtures  containing  naphthalene,  the  mixture 
preparation  system  was  modified.  The  hydrocarbons  investigated  to  date  have  been 
gaseous  or  liquid  at  ambient  conditions.  Naphthalene,  being  a  solid,  presented  a 
problem.  The  solution  was  to  motmt  a  tube,  which  could  be  isolated  and  removed, 
above  the  mixture  cylinder.  A  schematic  diagram  of  the  system  is  shown  in  Figure 
4l.  With  the  cylinder  heated  and  evacuated,  and  the  tube  cold  and  detached  at 
valve  No.  1,  a  weighed  amount  of  naphthalene  crystals  is  added  to  the  tube.  The 
tube  is  then  fastened  to  valve  No.  1  and  is  evacuated  by  opening  valve  No.  1  to 
vacuun.  When  the  air  has  been  withdrawn,  valve  No.  1  is  closed,  valve  No.  2  is 
opened,  and  the  tube  is  heated  to  vaporize  the  naphthalene  and  drive  the  vapors 
into  the  cylinder.  The  other  gases  are  added  to  the  cylinder  through  valves  No.  1 
and  No.  2  in  the  normal  way. 

The  experimental  data  obtained  have  been  on  those  hydrocarbons  involved 
in  the  dehydrogenation  of  decalin,  naraely  decalin,  tetralin,and  naphthalene.  A 
svimmary  of  the  conditions  of  the  experiments  is  presented  in  Table  51.  The  com¬ 
plete  data  on  ignition  delay  times  may  be  found  in  the  Appendix.  The  data  have 
been  obtained  primarily  at  9  psia  and  15  psia  and  temperatures  from  ll40°  to  1T6o°K 
resulting  in  ignition  delay  times  frcsn  4o  to  4000  psec. 

Shock  Tube  Attenua t ion 


An  attempt  was  made  to  improve  the  shock  tube  results  by  accounting  for 
velocity  attenuation  by  measurement.  The  results  have  shown  that  assuming  an 
attenuation  coefficient  of  1  x  10“^,  constant  for  all  conditions,  is  the  most 
reasonable  procedure. 

There  are  many  lica.  iealitles  in  shock  tube  flow.  One  of  these  is  the 
decrease  in  the  velocity  of  the  shock  wave  as  it  moves  down  the  tube,  caused  by 
the  build-up  of  a  boundary  layer  at  toe  wall  of  toe  turje.  A  review  of  wall  effects 
has  been  made  by  Qnrich  and  Wheeler ,*■  '  where  they  present  the  atten\iation  equation 
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Table  51.  SI)^MU^Y  OF  CONDITIOl^S  OF  SHOCK  TUBE  RUNS 


Fuel 

Eqijlvalence  Ratio* 

Percent  Argon 

decalin 

0.2 

90 

decalin 

0.5 

99 

tetralin 

0.1 

99 

tetralin 

0.1 

8o 

tetralin 

0.11 

90 

tetralin 

0.5 

99 

tetralin 

0.57 

90 

tetralin 

1.0 

95 

tetralin 

1.0 

99 

tetralin 

1.21 

90 

naphthalene 

0.1 

90 

^Equivalence  ratio  is  defined  as  the  actual  fuel  to  oxygen 
ratio  divided  by  the  stoichiometric  fuel  to  oxygen  ratio. 
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(P21  -  1)  =  (Pai  -  l)ideal  r  ^ 


(27) 


v^ere  Pai  =  ratio  of  pressures  before  and  after  shock  wave 
X  =  distance  from  diaphragm 
r  =  hydraulic  radius 
A  =  attenuation  coefficient 

Ihis  equation  is  said  to  be  accurate  enou^  for  most  work.  We  have  presented  the 
same  eqxiation  in  a  sli^tly  different  form:^' 

(Mg^-  l)g  =  (Mg®  -  l)i  exp(-A  p)  (28) 

where  Mg  =  Mach  number 

X  =  distance  from  point  1  to  point  2. 


Several  experiments  were  pcrfonned  to  determine  experimental  values  of 
attenuation  coefficients.  To  date,  values  of  0.5  *  10“”  and  1  x  10"®  have  been 
used  for  A.  These  values  were  obtained  from  measiirements  in  the  literature  on 
similar  shock  tubes.  Hie  attenuation  coefficients  determined  experimentally  on 
our  shock  tube  were  correlated  with  initial  channel  pressure  and  the^Mtio  of 
driver  pressure  to  channel  pressure.  Ihe  resulting  correlation  wp-?:  ' 

A  *  i-(o. 00436  -  0.0000457  Pi  +  0.0000698  ).  (29) 

Pi 

where  P4  =  initial  pressure  of  driver  gas 

Pj  =  Initial  pressiire  of  reaction  mixture 


A  set  of  experiments  has  been  performed  measuring  ignition  delay  times 
and  velocity  attenuation  simultaneously.  We  are  now  in  a  position  to  compare 
three  different  ways  of  estimating  attenuation  and  its  effect  on  ignition  delay 
time  measxirements :  (l)  using  a  constant  value  of  the  attenuation  coefficient  as 

in  the  past  (A  =  1  x  10“®),  (2)  using  the  correlation  for  attenxiatlon  coefficient, 
and  (3)  using  the  measured  velocity  attenuation-  The  ignition  delay  times  as 
determined  by  the  three  methods  for  the  ccsnbustion  of  a  decal in -oxygen -argon  mix¬ 
ture  are  shown  in  Flfpirea  42  to  44.  Figure  44  shows  that  using  the  correlation  is 
clearly  \insatisfactory.  A  comparison  of  Figures  US  and  43  reveal  that  the  other 
two  methods  are  approximately  equivalent.  The  general  scatter  in  Figure  43  is 
slightly  less,  but  three  points  are  badly  misplaced.  Overall,  using  the  constajit 
value  of  attenuation  coefficient  gives  the  best  results.  The  reason  for  this  is 
not  innediately  clear.  One  would  think  that  measuring  the  variations  in  attenua¬ 
tion  and  allowing  the  coefficient  to  change  should  improve  the  resiilts  and  decrease 
the  data  scatter,  not  increase  it. 

a)  We' previously  xiaed  the  hydravillc  diameter  rather  than  radius.  This  introduces 
a  factor  of  4  into  the  correlation,  l.e..  A'  =  kA. 
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Flgures  4l  through  44  follow 
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Figure  41 . 
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Naphthalene  Gauge 


Gases  or 
Vacuum 


SYSTEM  FOR  PREPARATION  OF  GASEOUS  COMBUSTION 
MIXTURES  CONTAINING  NAPHTHALENE 
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The  explanation  for  this  behavior  apijears  to  lie  with  the  meastirement  of 
the  shock  wave  velocity.  F'tgure  k5  shovns  a  plot  of  average  shock  wave  velocities 
at  two  points  in  the  tube,  in  terms  of  the  times  of  wave  passage  between  point  A 
and  point  B  (l8  inches)  and  between  point  B  and  point  C  (24  inches).  The  results 
do  not  fall  precisely  cm  a  smooth  curve,  indicating  either  that  the  shock  wave 
velocity  fluctuates  as  it  moves  down  the  tube,  or  that  there  is  appreciable  error 
in  the  time  measiu'ements .  A  flucttjating  shock  wave  velocity  is  fairly  unlikely, 
althou^  some  variations  can  be  caused  by  imperfect  diaphragm  breakage.  The  resolu¬ 
tion  of  the  time  measurements  is  1  psec,  but  the  errors  in  measurement  could  be 
higher.  Typical  scatter  of  the  data  is  2-5  psec.  The  large  effect  of  this 
apparently  small  scatter  is  shown  by  a  plot  of  the  attenuation  coefficients  cal¬ 
culated  from  the  same  data  (see  Figure  ^).  The  values  of  A  scatter  between 
-0.09  X  10"^  and  1.7  x  10"®,  and  do  not  correlate  with  anything,  including  shock 
velocity.  This  is  the  reason  for  the  failure  of  the  coiTelation  for  attenuation. 

It  is  interesting  that  the  mean  value  of  all  of  the  coefficients  is  O.99  x  10"^, 
which  is  remarkably  close  to  the  value  of  1  x  10"®  that  was  estimated  from  litera¬ 
ture  data.  If  the  measurement  of  shock  velocity  was  accurate,  one  would  expect 
that  using  the  measured  •i'alues  of  A  would  reduce  the  scatter  of  ignition  delay 
times.  Since  this  Improvement  was  not  foijnd,  the  problem  must  lie  in  the  raeastire- 
ment  of  shock  velocity.  Efforts  to  improve  velocity  measurements  would  Involve 
the  purchase  of  more  accurate  electronic  instrumentation  and  more  instruments  to 
measure  the  velocity  at  several  piolnts  in  the  shock  tube.  This  is  probably  not 
worth  the  exiienditiire  of  time  and  money  required.  Therefore  the  best  that  can  be 
done  Is  to  take  the  average  value  of  A,  determined  experimentally  to  equal  1  x  10"J 
and  use  it  as  a  constant  in  all  calculatirais. 

Correlation  of  Ignition  Delay  Times 

A  new  correlating  equation  has  been  used  bo  represent  the  experimental 
data  on  ignition  delay  times: 


In  T 


bo  + 


bi  In  (cog) 


+  b2ln(cj^^^) 


(50) 


where  t  = 


T  = 


^Fuel 


ignition  delay  time,  sec 

bi,  ba,  E  -  correlating  parameters 

oxygen  concentration.,  groole/liter 

gas  constant,  I.987  x  10"®  kcal/gmole -°K 

absolute  tonperature,  "K 

Ikiel  concentration,  gmole/liter 


Ttie  methods  of  estimating  the  par^ieterg  have  been  investigated,  as  have  the 
statistical  techaiiques  which  are  used  to  interpret  the  results. 

e  e  njation  us.'-d  to  correlate  the  data  up  to  now  has  been  the  same  as 
Eiiuation  (50 )  without  tine  last  term,  which  describes  the  effect  of  the  fuel  com- 
{Xjsition.  There  wr.s  scxne  question  about  the  coiTelatlar.  for  decalixi,  since  it 
appeared  tlif.  t  fuel  conce.ntrtitian  had  some  effect  on  the  ignitloj  delay  times.  So 
the  decal  in  data  were  fit  using  Eq\iation  (50)  plus  an  addltlona  term  deEcrlbing 
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the  effect  of  pressure.  The  standard  errora  of  the  equaticHi  obtained  by  fitting 
with  the  addition  of  one  term  at  a  time  are  shown  in  Table  52.  As  can  be  seen, 
the  imprcvement  by  including  the  effect  of  fuel  concentratian  is  substantial, 
while  only  slight  improvement  is  found  by  including  the  pressure  effect.  Hierefore 
it  was  decided  to  drop  the  pressure  effect  from  the  correlatic«n  but  retain  the  fuel 
effect,  resulting  in  Equation  (30)  as  the  final  correlating  equation. 


Table  52. 


ERRORS  OF  DIFFERENT  EQUATIOIS  OF  DECAIJN 
IGNITION  DELAY  TIMED 


Equation 


In  T  =  be 


In  T  =  bo  + 


E 

RT 


In  T  =  bo  +  +  bi  In(cog) 

In  T  =  bo  +  bi  InCcog)  +  bg  ln{Cp^^) 


M* 

In  T  =  bo  +  +  bi  ln(co2  )  +  bg  In  +  bg  In  (p) 


Fuel' 


Standard  Error  of 
In  T 


0.87 


0.81 


0.68 


0.50 


0.48 


In  addition  ho  the  eouation  to  be  used,  there  is  some  .  uestion  as  to  the 
best  way  to  fit  the  data  and  the  best  way  to  weight  the  data.  Equation  (50)  coxild 
also  be  written  as 

T  =  exp(bo)(co^)^^(cp^g^  )^^exp(-^)  (31 ) 

t>ie  obvious  difference  being  that  in  this  form  the  parameters  cannot  be  determ:Lned 
by  linear  regression.  However,  there  is  another  difference.  The  fittijig  tech¬ 
niques  used  here  seek  the  least  sum  of  scxiared  deviations  between  the  observed 
values  and  the  calculated  values.  Using  Equation  (51)  and  erual  weighting  to  fit 
the  data  would  minimize  the  sum  of  (fQ^g  ~  dat^ .  Using  Equa¬ 

tion  (30)  (logaritlimic  form)  would  minimize  tne  sum  of  [in(T^^^g)  - 
for  all  the  data.  The  result;Lng  eouatlons  will  be  different.  Th«  logarithmic 
t orm  will  tend  to  emfiiasize  short  Ignition  delay  times,  whereas  Eqioation  (31) 
tracts  all  of  the  data  as  being  equally  importa  t  and  equally  accurate.  It  is 
not  obvious  wlilch  method  is  the  proper  one.  The  imition  delay  data  for  decalin 
were  fit  using  the  logarltlanic  equation.  Equation  (30),  \ising  standard  linear 
regression  techniques.  The  results  are  shown  in  Figure  4?  as  the  observed  ignltioon 

FL5pi,res  4 ‘3  tlxrough  kj  foliCFW 
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delay  times  plotted  against  the  calculated  ignition  delay  times.  The  regression 
programs  were  set  up  to  make  these  kinds  of  plots  automatically.  The  correlation 
using  e  ustion  (31)  detemined  by  nonJ.tnear  regression®'  is  shown  in  Figure 
The  gr^  ihs  show  the  expected  result;  the  linear  regression  gives  a  better  fit  at 
short  times  and  a  poorer  fit  at  long  times.  Also  api)arent  from  both  plots  is  that 
the  errors  increase  as  the  delay  times  increase.  The  problem  was  lerun  using 
Equation  (jl)  assuming  that  the  variance  of  the  data  increased  as  the  times  in- 
creased.  The  results  are  sliown  in  Figure  k9.  The  plot  shows  that  the  short  times 
are  fit  better  and  the  long  times  much  poorer  than  the  other  two  methods.  Since 
we  are  primarily  interested  in  short  delay  times  for  supersonic  engine  applica¬ 
tions,  one  of  the  good  fits  at  short  times  should  be  used.  On  the  otlier  hand,  the 
correlation  should  not  almost  totally  disregard  the  long  delay  time  data  as  the 
increasing  variance  method  does.  Therefore,  the  logarithmic  form,  Equation 
(30),  xising  linear  regression  was  chosen  as  a  compromise  method  for  correlating 
the  data.  The  values  of  the  parameters  found  by  the  three  methods  are  given  in 
Table  53. 


Table  53.  METHODS  OF  IGNITION  DEIAY  MTA  CORREUTION 


Re  xesaion  Mettiod 

bo 

bi 

ba 

£  1 
/  kcal  V 
'  gmole  ' 

Linear,  Logarithmic  Form 

-16.9 

-1.27 

0.79 

55.7 

Nonlinear,  Constant  Variance 

-10.7 

-1.15 

0.74 

44.2 

Nonlinear,  Changing  Variance 

-20.6 

-1.18 

_ 

0.49 

55.0 

Correlating  eox^tiona  and  experimental  data  can  be  analyzed  statistically 
with  certain  restrictions  on  the  behavior  of  the  errors.  The  most  cawnon  approach 
is  to  assume  that  the  errors  are  normally  distributed  and  have  a  constant  variance. 
Based  on  these  assumptions,  standardized  technicues  available  to  determine  the 
significance  of  the  parameters,  the  significaiice  of  the  correlation,  the  confidence 
limits  of  the  parameters,  and  the  confidence  limits  of  the  calculated  values.  As 
has  already  been  laentloned,  however,  the  errors  in  the  correlation  of  the  decalin 
date  did  not  have  constant  variance.  The  other  assumption  was  checked  by  perform¬ 
ing  a  simple  test  to  see  if  the  errors  were  nomnnlly  disti'lbuted .  A  probability 
plot  was  made  of  the  residiials  (errors)  of  tlie  correlation  of  the  data  for  tetrolin. 
'ihe  residuals  vere  plotted  as  /  -  T  ,  where  is  the  residviol  01  the  i  -th 

'  n  ' 

data  point,  r  is  the  mean  residual,  and  n  Is  the  total  lumber  of  The 

a)  A  proprietary  computer  program  using  a  mcxtifiwl  form  of  thi'  damped  least 
squares  ratrthcxl  of  nonlinear  estlmiUion  was  uued. 

tigiires  Idl  .'uid  *u)  foliov. 
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values  of  this  quantity  were  arranged  In  decreasing  order  and  plotted  at  equal 
percentage  intervals  cm  a  normal  distribution  scale.  If  the  result  is  a  straight 
line,  then  the  errors  are  normally  distributed,  mie  rsault  for  the  tetralin  data 
using  Equation  (30)  is  shown  in  Figure  50.  Clearly,  the  errors  are  not  distributed 
Eonaally.  The  results  are  sli);illar  for  other  fuels.  Tliia  means  that  the  standard 
atati&tica]  tests  do  not  strictly  apply.  To  see  if  the  form  of  Equation  (30 ), 

^Jhich  involves  a  logarithmic  transfonsetion,  caused  the  \:n -normality,  the  data  were 
refit  by  nonlinear  jfegresaicai  to  Equation  (5l)»  The  probability  plot  of  the  resid¬ 
uals  is  shown  in  Fi^nxre  51.  The  errors  still  are  not  normally  distributed,  so  that 
the  problem  is  not  with  fitting  method  or  form  of  the  equation.  Since  tlie 
normality  asstimptlcm  does  nc't  hold  and  the  variance  is  not  constant,  the  standard 
statistical  tests  cannot  be  vised.  The  shape  of  the  probability  plots  also  cio  not 
resemble  anj."  other  coosnon  distribution,  such  as  logarltlimic ,  exponential,  or  chi- 
sqtiare  type.  As  a  result,  no  estimate  of  confidence  limits  or  significance  will  be 
iceanlngful.  Strictly  as  an  approximation  one  can  calculate  the  standard  deviation 
(standard  error)  of  tlie  calculated  values  assuming  ttiat  the  errors  are  normally 
distributed.  This  qxiantity  is  defined  as  the  square  root  of  the  ratio  found  by 
dividing  the  aufn  of  squared  residuals  by  the  nmber  of  degrees  of  freedc«n  (number 
of  data  minus  the  nxraber  of  parameters). 

The  correlating  equation  was  fit  to  the  ignition  delay  data  for  many  of 
the  systems  8tudle<’  previously.  Table  5^  summarizes  the  results.  The  parameters 
for  the  improved  correlation  are  presented,  along  with  the  range  of  delcy  times 
studied  experlmantally  and  the  standard  error  of  each  correlation.  'Hie  new  data 
on  decalln  and  tetralin  have  been  included  in  the  correlations.  The  new  decalin 
data  were  not  available  iidien  the  various  fitting  procedvires  were  investigated; 
therefore,  the  parameters  for  decalin  presented  in  Table  5^  are  not  the  same  as 
those  in  Table  53.  Sufficient  data  have  not  been  obtained  with  naphthalene  to 
enable  coirrelation.  The  nxmerlcal  values  of  the  i«raraeters  probably  have  little 
significance.  The  parameters  b©  and  E  are  hl^ly  correlated  with  each  other  so 
that  larger  values  of  b©  are  associated  with  smaller  values  of  S  and  vice  versa. 

It  does  appear  that  since  all  of  the  values  of  bi  arc  negative,  oxygen  has  a  bene¬ 
ficial  effect  by  reducing  ignition  delay  time,  while  for  tlie  most  part,  fuel  seems 
to  have  a  detrimental  effect.  Oxygen  concentration  seems  to  have  a  larger  effect 
than  fuel  ccncentration,  too.  The  values  of  E  tend  to  fall  into  two  ranges.  Most 
of  the  fuels  have  values  of  about  40-50  kcal/gmole,  while  methylcyclohexane  and 
its  dehydrogenation  products  have  values  of  about  20-30  kcal/gmole.  The  signifi¬ 
cance  of  this,  if  any,  is  not  known.  Figure  52  shows  a  plot  of  the  correlations 
for  a  typical  oxygen  concentration  and  a  stoichicaietric  fuel  concentraticsi.  The 
uncertainty  is  typified  by  the  standard  error  for  the  "'t'calin  correlstion,  which 
is  shown  graphically  as  the  arrows  in  tlie  margin  of  the  figure.  Figures  53  through 
6g  show  plots  of  the  fits  to  the  date.  The  observed  ignition  delay  times  are  shown 
against  the  calculated  times. 

Rate  of  Combustion  of  Tetralin 


Tlie  daUi  on  the  combustion  of  tetralin  have  been  analyzed  to  obttum  rates 
of  combustion.  Some  trends  seem  evident  but  tnoi-e  expe- ;.',c-Tits  are  indii.aied. 

Tetralin  is  an  intermediate  in  the  dehydrogenation  of  d.  ailn  to  naphthalene.  It 
would  generally  be  found  in  the  presence  of  hj^drogen,  but  its  combustion  behavior 
is  of  interest  both  with  and  without  hydrogen.  The  data  or>  the  corabastioji  tetra- 
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Table  54.  CCMlEIATIOSg  OF  IGNITION  DEIAY  TIMES 


Fuel 

r 

bi 

8a 

E 

Range 
of  T 
sec) 

Standard 
Error 
of  In  T 

n-octane 

-11^.75 

-0.76 

0.15 

41.1 

70-4700 

0.64 

methylcyclohexane 

-  2.69 

-0.61 

0.29 

20.1 

50-4100 

0.61 

toluene 

-  5.84 

-0,69 

0.32 

23.7 

1oO“54oo 

0.39 

toluene  +  Ha 

••  7.03 

-0.68 

0.16 

26.2 

100-4000 

0.38 

MCH  +  toluene  +  Ha 

-  5.36 

-0.64 

0.14 

21.4 

70-44o0 

0.58 

dimethanodeealin 

-19.56 

-0.68 

-0.35 

45.8 

80-4100 

0.62 

ailELLDYNE-H® 

"I3.80 

-0.44 

-0.28 

35.6 

60-3600 

0.66 

SHELLDYNE?® 

-  8.64 

-0.94 

0.60 

41.0 

80-5500 

0.43 

decalin 

-10.94 

-1.27 

0.95 

48.1 

60-4500 

0.50 

tetralii; 

-15.99 

-1.31 

0.4l 

U7..| 

40-3800 

0.68 

'''if.^nres  So  t.hroui'^h  fo.l]. 
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lin  for  IgnitioB  delay  time  iSieaauK'inents  ware  ar\aiy?,ed  to  obtain  corobiistion  rates. 
The  rate  of  ccsnbiistion  can  be  approxirafited  by 


djc 

dt 


=  Ic  (c* 


c) 


where  r  ■tl'se  rate  of  appeara.n”e  of  CO^ 

c^’  =  the  altiasate  cogricerstration  of  COg 
c  =  the  current,  com^STitra'&ior  of 
k  ~  the  first  order  rate  eanstant  for  combusticrj, 


(32) 


E'fOiation  (32)  csri  be  intfegiated  to  give  il'e  reduced  corcoiitrfitioii  of  COa  as  a 
ibiacticss'i  of  tir»*e: 

Ixi  J,.  -  -Irt  (33) 

It  is  OuRVeulent  to  estimate  k  by  finding  tne  tiave  required  for  c  to  reacii  half  of 

the  final  value^  c*/2.  Thei’i  k  is  found  simply  by 

k  -  Ir.  ;?/t  ,  (5'*) 

Since  the  Mi'stui-ea  which  were  birr.od  at  lower  temperatures  encountered 
the  i*eri'3ct«d  rarefaction  shock  wave  before  combustion  was  ccmulete,  pxuch  of  the 
data,  osi  tetrallu  combustion  could  not  be  xised,  and  values  of  e*  could  not  be  detor-' 

rsinedf  Hcrwei^er,  the  acceptable  data  were  analyzed  using  Equation  (3’j-)*  T?ie  re¬ 

sults  shewed  much  scatter  i.nd  did  not  seem  to  correlate  withi  anything,  including 
taa^rat^ire.  In  fact,  it  seemed  that  the  rate  of  combustion  tended  to  decrease 
with  increased  terapernture,  which  is  not  logical.  In  an  effort  to  ciheck  this 
result,  an  experiment  was  cj8>ducte«f  wito  the  sp'ecific  aim  of  finding  the  temperature 
dependence  of  the  rate  of  combastion. 

A  ffllxtare  of  991^  argon  with  teiraiin  and  ox^'gen  representing  an  equivalence 
iratio  of  0.5  was  prepared.  EXi'ierlments  wer-e  run,  i-epeating  the  same  conditions 
xTntil  the  rmte  of  coinb.iStion  at  a  perticular  temperature  could  be  estimated  with 
confidence.  Flgrye  63  shows  the  results  for  9  psia.  The  temperatures  were  spread 
as  far  as  was  consistent  witli  obtiuiing  good  ccmibustion  measurements.  If  the 
temperature  was  t(x,,  high,  there  was  no  measureable  ignition  delay  and  often  the 
mixt'ure  detonated.  If  the  temperature  w'as  too  low,  the  reflected  rarefaction 
shock  wrave  interfered  witli  the  combustion.  Never  tlieless,  there  appears  to  be  a 
definite  trend  of  increasing  rate  vrlUi  increasing  temx>erature,  in  spite  of  consid¬ 
erable  scatter  in  the  data.  Figure  64  shows  the  results  for  ,15  paia.  The  rates 
of  combustioin  are  somewhat  higher  but  show  about  the  ssime  terapenati.a'0  dependence. 

With  the  knowledge  that  the  PTOper  tempei'ature  dependence  is  found  (in  ¬ 
creasing  rates  witl^  increasing  teH.perature)  and  that  pressui'e  has  a  beneficial 
effect  on  the  combustion  iOite,  the  tetralin  data  were  re-examined.  There  are  too 
few  points  at  each  sot  of  cenditions  to  analyze  the  results  stati;,  lically ,  out  it 
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Figure  50.  PROBABIUTY  PLOT  CF  TETRAU>4  DATA  FOR  LOGARITHMIC  EQUATION 
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Figure  53.  IGNHSQN  DELAY  nMrb  OF  n-OCTANE 
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Figure  57.  IGNITION  DtuAY  TIMES  OF  METHYLCYCLOHEXANE- 
TOLUENE-HVDROGEN  MIXTURES 


AfAPL"TR-;'0-7! 
66/ 5G 


T[D  CflLC  <X]0»*]) 

|B-II8  ao.  DO  ISO.  DO  2M0.  00  320.00  300.00 


UNtrruN  delry  times 


.ao  8QJID  IGO  -CO  Z^O.OO  320.00  4UQ.ilO  430  .00 

riD  OBS  _ CXlO^^l) 
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appears  that  the  resiilts  correlate  fairly  well.  Figure  63  shows  all  of  the  tetra- 
lin  corabusticn  data,  including  the  new  data,  with  approximate  correlating  lines. 
The  results  show  that  fuel  concentration  has  a  beneficial  effect  on  the  rate, 
since  the  data  for  99^  argon  with  ER  =  0.5  are  hi^er  than  those  for  99^  argon 
with  ^  0.1.  Also,  as  the  amount  of  inert  gas  is  decreased  (at  HI  =  O.l)  the 
rate  of  corab.*stion  increases. 

This  work  contrasts  somewhat  with  the  previous  work  done  of  the  combustion 
of  n-octane  and  SHELDDYNE-#  fuel^^.  At  that  time  no  effect  of  fuel -oxygen  ratio 
or  pressure  was  noted.  Further  work  will  be  done  to  clarify  und  mathematically 
describe  the  results,  and  other  systems  will  be  investigated. 


FUTURE  PROGRAM 


The  study  of  the  stability  of  platinum  catalysts  for  the  dehydrogenation 
of  naphthenes  is  continuing.  Future  work  will  include  investigations  of  the 
effects  of  metal  dispersion  and  certain  metal  additives  on  catalyst  stability. 

The  most  promising  catalysts  will  be  tested  in  50  to  100  hour  runs  at  constant 
reaction  conditions.  Screening  of  granular  catalyr>ts  for  dehydrogenation  activity 
will  continue  on  a  limited  scale  as  new  knowledge  indicates  any  promising  composi¬ 
tions. 


The  search  will  continue  for  possible  second  generation  endothermic  fuels. 
Dehydrogenation  of  bridged -ring  naphthenes  such  as  bicyclooctane  will  yield  1500 
to  l8oo  Btu/lb  heat  sink  when  dehydrogenated  to  bicyclooctatriene.  Subsequent 
double  bond  isomerization  to  cyclopropane  rings  would  increase  the  heat  sink  to 
about  25CX)  Btu/lb.  Dehydrocyclization  of  alkyl  naphthenes  to  the  corresponding 
aromatics,  such  as  1,2 -diethyl cyclohexane  to  naphthalene,  would  give  about  1500 
Btu/lb.  These  studies  will  be  done  initially  in  a  pulse  reactor.  In  the  near 
future  we  expect  to  examine  the  possibility  of  dehydrogenating  a  highly  naphthenic 
jet  fuel  and  to  prepare  and  test  a  high  molecular  weight  naphthenic  type  fuel  in 
the  light  gas  oil  range. 

We  shall  continue  to  search  for  additives  that  will  enhance  the  rate  of 
thermal  cracking  of  hydrocarbons.  The  aim  of  this  study  is  to  reduce  both  the 
reaction  temperature  and  the  coke  made  during  the  cracking  reaction. 

As  a  possible  method  for  reducing  the  pressure  drop  in  the  reactor  tube, 
we  have  been  searching  for  a  dispersed -type  catalyst.  Such  a  catalyst  could  be 
either  dissolved  in  the  liquid  feed,  added  as  a  vapor  to  the  feed  vapor,  or  added 
as  a  finely  divided  solid  to  the  feed  vapor.  In  our  previous  contract  we  examined 
additives  that  were  dissolved  in  the  liquid  feed.  Some  encouraging  results  were 
obt-’ined  and  this  study  is  continuing. 

Development  will  continue  on  the  catalytic  wall  reactor.  The  most  immed¬ 
iate  problem  is  the  measurement  of  the  stability  and  life  of  a  wall  catalyst  for 
dehydrogenation  of  naphthenes.  Catalyst  formulations  which  were  found  to  be  most 
promising  in  activity  screening  studies  will  be  used  in  preparing  catalytic  coat¬ 
ings  for  longer  stability  tests  in  the  bench-scale  reactor.  If  results  are  favor¬ 
able,  tests  will  be  made  in  the  Fuel  System  Simulation  Test  Rig  to  assess  fully 
the  capability  of  wall  catalysts  for  dehydrogenating  naphthenes.  Tnese  tests  will 
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be  made  in  the  Fuel  System  Simulation  Test  Rig  to  assess  fully  the  capability  of 
wall  catalysts  for  dehydrogenating  naphthenes.  These  tests  will  be  of  sufficient 
duration  to  determine  catalyst  activity  and  stability  under  various  conditions. 
Concurrently,  the  search  will  continue  for  wall  catalysts  with  even  more  improved 
mechanical  properties,  activity,  and  stability. 

The  mathematical  model  of  the  Cataljrtic  Wall  Reactor  will  be  improved.  The 
c\irrent  model,  which  includes  a  kinetic  model  for  methyl cyclohexane  dehydrogenation, 
will  be  used  to  design  the  experiments  for  the  Fuel  System  Simulation  Test  Rig  so 
as  to  obtain  data  at  an  optimum  set  of  conditions.  These  data  will  help  to  improve 
the  mathematical  model.  'Hie  reaction  model  can  be  used  to  study  the  effects  of 
geometry,  flow  rate,  heat  flux,  and  fuel  conditions  on  the  performance  of  a  wall 
catalyst.  After  further  development  of  the  reactor  model,  it  will  be  possible  to 
calculate  the  upper  limits  of  heat  flux,  conversion,  and  temperature  of  each  reac¬ 
tion  system  as  detemined  by  the  stability  and  activity  of  the  catalyst  and  fuel 
of  that  system. 

A  Catalytic  Continuous  Stirred  Tank  Reactor  has  been  designed  for  \ise  in 
measuring  reaction  kinetics  and  catalyst  stability.  Equipment  modification  will 
begin  soon  and  the  reactor  will  be  available  for  experiments  in  a  short  time.  The 
reactor  will  be  used  to  measure  the  intrinsic  kinetics  of  dehydrogenation  reactions 
on  the  best  catalyst  candidates.  Data  will  be  used  to  formulate  kinetic  models 
for  the  reaction  systems.  Dehydrogenation  of  MCH  will  be  studied  first  to  check 
the  reaction  kinetics  that  are  currently  •used.  Later  experijTients  will  be  run  to 
determine  an  acceptable  model  for  the  decalin  dehydrogenation  system. 

Fur'ther  calibration  and  evaluation  of  the  beta -ray  backscatter  instrument 
on  tubes  of  different  dimensions  and  on  tubes  made  of  o'ther  alloys  will  be  made. 

Now  that  the  be-ta-ray  backscatter  instrument  is  available  for  rating  tubes,  the 
Catalyst  and  Fuel  System  Test  Rig  will  be  used  in  evaluating  the  deposits  formed  by 
fuels  in  various  physical  and  chemical  states:  liquid,  gas,  vaporizing  mixture, 
reacting  mixture,  and  product  mixture.  Studies  will  continue  on  the  use  of  addi¬ 
tives  to  enhance  the  thermal  and  storage  stability  of  fuels.  Tests  on  thermal 
S'tability  will  be  conducted  in  the  recently  modified  JFTOT  in  order  to  determine 
if  res'ults  from  a  one -cycle  test  such  as  this  are  better  than  measurements  from 
a  recycle  test  in  the  SD/M-T  coker. 

Combustion  studies  on  the  shock  tube  will  continue  with  the  decalin  dehydro¬ 
genation  system.  Ignition  delay  times  will  be  measured  for  mixtures  of  components 
from  the  system:  decalin,  tetralin,  naph'thalene,  and  hydrogen,  in  proportions 
representative  of  products  from  the  dehydrogenation  reaction.  Further  experiments 
will  be  made  on  "the  combustion  of  tetralin  and  o-bher  fuels  to  define  more  accurately 
the  relation  between  the  combustion  rate,  pressure,  oxygen  concentration,  and  fuel 
concentration. 


RFJATEn  DEVELOPMENTS  AND  APPLICATIONS 

An  interesting  pape'»'  was  presented  by  D.  C.  Thomas  and  P.  H.  Hayes^‘^) 
entitled  'High  Performance  Heat  Transfer  Surfaces."  They  showed  that  heat  trans¬ 
fer  coefficients  through  tube  walls  could  be  increased  by  combining  rectangular 
fins  on  the  outside  with  twisted  tape  or  coiled  wire  on  the  inside.  Although  the 
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system  studied  involved  condensing  or  evaporating  water,  the  results  showed  benefits 
in  heat  transfer  coefficients  from  two-  to  ten-fold  and  should  be  applicable  to 
reacting  systems  with  siii table  modifications. 

An  article  by  Watkins  and  Jacobs^"^^  details  the  use  of  hydrocracking  to 
upgrade  vacuum  bottoms,  low  quality  straight  run,  and  catalytically  cracked  kero¬ 
sene  to  commercial  jet  fuel  specifications.  Although  the  article  applies  only  to 
the  manufacture  of  commercial  jet  fuel,  this  method  could  be  applied  to  selected 
petroleum  feed  stocks  to  produce  naphthene  concentrates  which  might  serve  as  cheap 
endothermic  fuels. 

An  article  of  interest  by  Whisman  and  Ward®®)  on  the  storage  stability  of 
high  temperature  fuels  showed  by  means  of  fuel  ccmponents  labelled  by  that  the 
contribution  to  coker  deposits  in  different  thermally  stable  jet  fuels  was  highest 
from  aromatic  compounds  containing  a  Cs-ring,  but  the  effect  of  any  component  was 
strongly  dependent  on  the  gross  hydrocarbon  environment.  It  also  showed  that  an 
amine  type  antioxidant  formed  more  filterable  deposits  in  a  high  temperature  envir¬ 
onment  than  did  a  phenolic  type. 

An  important  paper  delineating  the  problems  inherent  in  extending  flight 
speeds  up  to  ttech  6  appeared  in  Aeronautics  and  Astronautics  by  M.  P.  Etoinam  and 
H.  I.  Bash.^®'  The  authors  outlined  the  "broad  range  of  technical  advances  which 
will  enable  turbomachinc-ry  to  power  demanding  new  missions  and  will  pave  the  way 
for  exotic  new  engines  that  may  suppl^t  rockets  almost  up  to  orbital  speeds."  An 
accompanying  article  by  W.  E.  Lanar®°^  is  also  valuable. 

Efforts  to  develop  high  temperature  materials  for  advanced  gas-turbine 
engines  was  reported  by  John  C.  Freche  and  Robert  W.  Hall®^''  of  Lewis  Research 
Center,  NASA.  "NASA  Programs  for  Development  of  High  Temperature  Alloys  for  Ad¬ 
vanced  Engines"  dealt  chiefly  with  work  on  the  development  of  nickel-  and  cobalt- 
base  alloys,  chromium-base  alloys,  materials  strengthened  by  dispersion,  composite 
materials,  and  protective  coatings.  The  development  of  an  advanced  cast  nickel- 
base  alloy,  NASA -TRW  VI-A,  was  particularly  significant.  This  was  reported  to  have 
a  high  temperature  life  of  1000  hr  at  l890°F. 

Another  interesting  paper  was  "The  Active  Cooling  of  a  Hydrogen  Fueled 
Scram-Jet  Engine"  by  L.  L.  Pagel  and  W.  R.  Warmbold®®',  McDonnell -Douglas  Company, 
St.  Louis.  The  results  of  this  study  indicate  that  Mach  12  flight  at  equivalence 
ratios  of  less  than  1  can  be  achieved  with  a  regenerative  system  using  the  hydro¬ 
gen  fuel  as  coolant  in  heat  excb"ngers  constructed  from  super  alloys.  Heat  exchan¬ 
ger  designs  were  based  on  TD  Nickel -chrcxnium  construction.  The  authors  suggest 
that  this  is  a  satisfactory  material  for  use  as  a  refractory  metal  in  heat  exchang¬ 
ers  and  that  the  use  of  ceramic  coatings  appears  less  urgent. 
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I/escrlption  of  the  Pulse  Reactor 


The  pulse  reactor  was  a  l/4-in.  OD  tube  of  stainless  steel  type  50^4-  with 
9-1 A  iai-  length  and  0.035  in.  wall  thickness.  Svragelok  Tees  were  fastened  at 
each  end  and  one  am  of  the  Tee  served  as  an  injection  port.  A  rubber  septum 
(GLC  type)  was  held  in  place  by  the  fitting  nut  and  the  feed  was  inj’ected  through 
this  septum  from  a  syringe.  A  5 -in*  length  of  the  reactor  tube  was  surrounded  by 
a  secondary  furnace  liner  and  the  whole  was  heated  by  an  electric  furnace.  The 
secondary  liner  had  seven  radial  drilled  holes  for  thermocouples,  and  the  holes 
were  located  as  shown  in  Figure  66.  A  schematic  diagram  of  the  pulse  reactor 
is  shown  in  Figure  67. 

All  lines  were  l/lv-in.  OD  tubing  of  stainless  steel  type  30^.  About  28 
in.  of  line  just  prior  to  the  reactor  was  vn?apped  with  heating  tape  and  constituted 
a  gas  preheater.  About  8  in.  of  the  preheater  section  was  filled  with  quartz 
chips  (10-20  mesh  size). 

In  the  pulse  reactor  system  the  carrier  gas  was  metered  through  a  rota¬ 
meter  (Figm'e  6?)  and  passed  through  the  preheater  section  into  the  reactor.  The 
exit  gas  passed  into  a  manifold  and  then  into  the  GLC.  The  purpose  of  the  manifold 
v'as  to  maintain  the  exit  gas  pressure  slightly  greater  than  the  gas  pressure  in 
the  GLC.  This  was  done  by  adjusting  the  pressure  control  valve  and  the  vent  valve. 
The  manifold  was  wrapped  with  heating  tape  and  was  maintained  at  302“  to  556“F. 

The  Injection  port  temperature  was  about  450“F.  The  pressure  control  Euid  the  vent 
valves  were  needle  valves  (Hoke  No.  1515)  and  the  GLC  valve  was  a  lever  operated 
valve  (Hoke  No.  ^90). 

To  carry  out  an  experiment  the  reactor  was  brought  to  temperature,  and 
the  carrier  gas  flow  rate,  reactor  pressure  and  manifold  pressure  were  adjusted 
by  means  of  the  appropriate  f],ow  control  valves.  Then  with  inert  gas  flowing  to 
the  GIG  a  pulse  was  injected  through  the  lower  Injection  port  and  subsequently 
analyzed.  This  gave  an  analysis  of  the  starting  material.  A  pulse  was  then 
injected  in  the  top  injection  port,  passed  over  the  catalyst,  and  analyzed. 

^ In  this  system  the  space  velocity  was  obtained  from  the  inert  gas  flow 
rate.  Figure  68  shows  the  pulse  reactor  system  with  the  secondary  furnace  liner 
in  place. 


Figxires  66,  67  and  68  follow 
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b)  emerged  after  naphthalene 

c)  two  ccoip«aient8  -  one  emerged  after  trana  DKN  and  c»ie  after  cla  DHN 

d)  emerged  after  cla  K3N 

e)  three  cempenent'i,  one  of  w^.ich  emerged  after  trans  WIN,  cis  DflN  and  nafirUialene  rt'spectively 

f)  two  caapfnanta  that  emerged  after  cis  DHN  and  naphthalene  resp'*ctlve:y 
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Table  36.  DEHYDROGENATIONS  OF  METEYLCYCLCHEXANE  OVER  VaRIOU 
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Figure  66.  SECONDARY  FURNACE  LINER  FOR  PULSE  REACTOR 
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Figure  67.  SCHEMATIC  DIAGRAM  OF  PULSE  REACTOR 


AFAPL-TR-70-71 


Calculation  of  Rate  Constanta  (BenehnScale  Reactor) 

First  order  rate  constants  were  calculated  based  on  the  rate  of  disappear¬ 
ance  of  the  starting  iiiaterial  according  to  the  following  equation: 


UgV  p  X  22 . 4lg 
5'6od  ^  MW  X  P 


2.3  log 


(33) 


where:  k  -  first-order  rate  constant  in  sec“ 

USV  =  liquid  houi'ly  space  velocity  (i.e.,  volumes  of  feed/volume  of 
catalyst  bed  per  hour) 


MW  =  molecular  weight 
P  =  reactor  pressure  in  atmospheres 

T  =  reaction  temperature  in  "K  (reactor  wall  tempe^ture) 
P  =  liquid  density 
f  =  fraction  component  reacted 


Calculation  of  Reaction  Products  for  the  Thermal  Reaction  of  Bicyclo  (2«2,c-)octane 


Both  BOO  and  TMB  react  thermally  to  form  reaction  producos  i,  2,  3  and  k 
(Tables  4  and  3).  With  BOO  in  TMB  feed  the  amount  of  component  A  formed  from  TMB 
only  is  given  by 


(36) 


where  X,  =  amount  component  A  formed  with  BCO-TMB  feed 

=  fraction  TMB  reacted  with  BCO-TMB  feed 

X?  =  amount  component  A  formed  with  p^ure  TMI3  feed 
A 

C°  =  fraction  TMB  reacted  with  pure  TMB  feed 

Cm  and  C^  are  obtained  at  the  same  temperature  and  space  velocity.  X”  and  C^  are 
obtained  from  Table  4. 

As  an  example,  consider  component  4  in  Runs  102-5  (Table  4)  and  105*2 
(Table  5) : 

=-  18.7 
-  24.5 
c.^  =  11.1 
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Since  the  total  amount  of  component  h  found  by  GKI  was  only  8.0^,  all  of  it  was 
formed  from  TMB.  Hence,  none  of  component  4  was  formed  from  SCO. 


Micro  Catalyst  Test  Reactor 

The  Micro  Catalyst  Test  Reactor  (MICTR)  and  the  operational  techniques^  ^ 
\ised  for  screening  candidate  catalysts  have  been  described  in  previous  reports.  '  * 
No  further  changes  nave  been  made.  Figures  87  tlirough  89  of  reference  ]  show 
the  apparatus  in  detail,  except  for  changes  noted  ii:  reference  2.  Catalysts  have 
been  tested  with  MCH  at  LK5V  100,  at  662,  752,  and  8k2®F,  and  at  10  atm  pressure^ 
without  added  hydrogen.  It  has  been  found  that  more  consistent  results  are  obtained 
if  a  fresh  loading  of  the  reference  catalyst  98T^"139>  or  its  rep3.aceraerst  catalyst 
10860-70,  is  tested  each  week  as  a  base  point  for  calibration,  rather  than  using 
the  same  reference  tube  over  and  over  again,  since  the  activity  gradually  declines. 
Also,  prepared  catalysts  have  been  rescreened  to  10-20  mesh  to  remove  fines  after 
impregnation  and  drying  of  the  supports,  and  this  gives  more  reproducible  results. 
Tables  57  and  58  give  the  MICTR  test  data  in  chronological  order. 


Tables  57  and  58  follow 
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Table  58. 


DEHYDROGEKA:TION  OF  METHYLCYCLOHEXA-NE  WITH  VAR.IOUS  CATALYSIS  IN  MICTR 


Conditions:  100  LKSV,  10  atia  pressiu'e,  no  added  Ha,  tem~ 
perature  variable.  0.9  ml  catalysts  diluted  with  1.1  ml 
quartz  chips  (10-20  mesh)  reduced  in  Ha  at  T96°F.  GLC 
samples  normally  taken  at  5-,  and  8-,  and  15  minutes  oper¬ 
ation  at  each  temperature. 


Run 

Catnlyst 

1  %  Conversion  of  MCH  to  Toluene.  %«! 

J _  .  _ ^ _ 1 

No. 

No. 

10860- 

Description 

m 

T 

1  662 

752 

842°F 

1192 

70 

Pt/UOP  R-a  type  AI2O3  (ref) 

51,  '*8,  43 

73,  72,  72 

1195 

163A 

3.2,i  ;'t/8o^  type  1  support*^ 

20%  type  6  binder 

3.2%  Pt/Uo%  type  1  support  (l)*\ 
U0%  type  1  support  (2)®' 
20%  type  6  binder 

1  0.346 

26,  25 

50,  50,  50 

82,  Gl,  80 

ligit 

165B 

0.371 

26,  23,  23 

54,  50,  49 

81,  TT,  77 

1195 

163c 

1.6%  Pt/Uo%  type  1  support 

U0%  type  1  support  (2) 
20%  type  6  binder 

0.403 

23,  2’3,  23 

55,  55,  49 

77,  76,  75 

1196 

1%  Pt/80%  type  16  support 

20%  type  6  binder 

0.346 

23,  21,  19 

50,  47,  47 

V4,  74,  73 

1197 

I6OB 

2%  Pt/  "  "  " 

0.399 

25,  24,  23 

50,  47,  47 

74,  72,  72 

1198 

160c 

U%  Pt/  "  "  " 

0.371 

25,  25,  25 

57,  54,  55 

1199 

l6u 

3.2%  Pt/80%  type  1  support®^ 

20%  type  6  binder 

0.594 

23,-  20,  21 

52,  45,  45 

75.,  73,  73 

1200 

16IB 

1.6%  Pt/l*0%  type  1  support  (l)  . 

1*0%  type  1  support  (2)'’'' 

20%  type  6  binder 

0.442 

21,  25,  22 

50,  46,  46 

77,  75,  74 

1201 

1202 

1203 

120lt 

1205 

1%  Pt/UOP  R-8  type  AlsOa  (ref) 

1%  Pt/type  1  support}' 

1*%  Pt/  "  " 

1%  Pt/type  1  support  : 

4%  Pt/  "  " 

0.410 

0.562 

0.596 

0.545 

0.562 

26,  21,  22 

24,  22,  22 
26,  25,  25 

25,  21,  25 
28,  26,  27 

48,  46,  46 
55,  50,  50 
60,  58,  58 
53,  52,  52 
60,  59,  56 

72,  71,  70 
79,  78,  78 

85,  82,  83 
81,  8],  f9 
87,  87,  87 

1206 

1207 

1208 

i5aA 

158b 

158c 

1%  Pt/type  1  support 

2%  Pt/  "  " 

4%  Pt/  " 

O.55S 

0-542 

0.567 

27,  25,  24 
29,  2’',  24 
32,  24,  24 

56,  55,  55 
54,  55,  51 

57,  55,  53 

84,  85.  85 
81,  80,  82 
83,  85.  83 

■ 

160B 

2%  Pt/80%  type  16  sxipport 

20%  tj/pe  6  binder 

0.538 

23,  23,  19 

45,  43,  45 

67,  65,  66 

III 

157c 

157G 

157D 

157H 

1%  Pt/type  1  .support^  1 

U%  Pt/  "  " 

1%  Pt/type  1  support;; 

14%  pt/  "  " 

19,  18,  17 
17,  18,  18 
25,  22,  22 
25.  25,  22 

36,  35,  37 
36,  35,  35 
48,  46,  46 
55,  50,  49 

46.  48,  50 
46,  46,  47 
74,  74,  74 

78,  77,  77 

12llf 

70 

1%  Pt/UOP  f;-8  type  AlsOg  tef  ) 

0.412 

24,  20,  25 

so,  45,  46 

70,  69,  TO 

1215 

l6tA 

Pt/80^  type  1  support 

20^  type  6  Mnder 

0.450 

22,  21,  22 

50,  49,  1*8 

76,  75.  76 

1216 

1217 

l6tB 

16!»C 

2%  Ft/ 

5%  Pt/  " 

0.431 

0.458 

30,  28,  26 
30,  27.  27 

55,  54,  56 
59.  56,  57 

84,  85,  84 

85,  85,  85 

1218 

1219 

1220 
1221 

165A"' 

i66a 

i66b 

4%  pt/type  1  support 

1%  s>t./  ''  " 

4%  p^ytype  6  ..upport 

4%  Pt®/type  6  aupport 

0.549 

0.534 

0.321 

0.325 

25,  29,  29 
24,  27,  25 
28,  22,  22 
20,  22,  20 

48,  51,  51 
59.  59,  54 
47,  43,  42 
45,  43,  45 

60,  79,  80 

83,  81,  81 

65.  7»,  65 

67.  67,  65 

•  )  PlstlnJ»»<3  with  W  met«l  before  fornuletlon. 
bJ  Repeit  of  run  1197- 

c)  Repeet  praperatlono  Ir  quintity  of  lo66o-lb8c  end  158a,  for  bench  «o»i#  tests. 

d)  Acetate  neutrellsed  Pt(W,) 

•)  Inpregnate  type  51- 
fj  Repeat  of  run  1?19- 
*)  Repeat  oi  run  1518. 
h)  Repeat  of  run  II98. 

1 )  Irr  nouaa  eupport . 


(Cor  tlriuis! ) 


Table  ‘38.  (Contd-l)  DEHYDROGENATION  OF  METHYLCYCLOHEXANE 
WITH  VARIOUS  CATALYSTS  IN  MICTR 


Run 

1  Cfitaljist 

1  %  Conversion  of  MCH  to 

Toluene,  %w  j 

No. 

No, 

10860- 

Description 

«t.,  g 

662 

752 

842  °F 

1222 

16?A 

hf  pt/80a  type  l6  support 

0.461 

24,  25,  25 

50,  4i,  4i 

61,  59,  60 

20%  type  6  binder 

1223 

165A^  ^ 

1^  Pt/type  1  Support 

0.528 

23,  28,  22 

57,  51,  55 

82,  81,  81 

I22U 

167B 

'•i%  Pt/type  16  support 

0.384 

24,  25.  23 

50,  4i,  4: 

61,  R9,  60 

1225 

16?C 

3.2i  Ft/80]t  type  l6  support 

0.412 

25,  20,  21 

47,  43,  43 

1  71,  69,  70 

or)<t‘.  +  ,  *  •  ? 

-j  t''~ 

1 

1226 

165RJ 

li'jt  Pt/Type  1  .support 

0.555 

25,  25,  22 

56,  55,  54 

65,  84,  62 

122T 

70 

1$  Pt/UOP  R-8  type  AljOa  (ref) 

0.413 

21,  19.  23 

48,  45,  45 

71,  69,  69 

1228 

16OC 

4-^  Pt/8oi  type  l6  support 

0.363 

25.  22,  23 

51,  48,  46 

74,  72,  71 

20^  type  6  binder 

1229 

168 

1.6%  Pt/4o%  type  1  support  . 

40%  type  1  support® ' 

0.484 

23,  22,  22 

52,  49,  47 

77,  74,  71 

10%  type  1  binder 

1230 

172 

1.6%  Pt/Uo%  type  16  support. 

4o%  type  1  support®' 

0.444 

24,  20,  20 

49,  47,  46 

72,  71,  71 

20%  type  6  binder 

12.31 

I70B 

4%  Pt/type  1  support^ ^ 

0.59T 

25,  2  :,  22 

54,  51,  51 

82,  81,  79 

1232 

70 

1%  Pt/UOP  R-8  type  AlaCg  (ref) 

C.4i6 

20,  22,  22 

48,  45,  46 

71,  69,  68 

1233 

ITLA 

4%  pt/type  1  support 

0.603 

27,  2'',  24 

51,  49,  51 
58,  56,  57 

77,  77,  76 
86,  85,  83 

123*» 

171B 

M  ri  M 

0.606 

25,  25,  25 

1235 

1T3 

1.6%  Pt/4l%  type  16  support. 

4l%  type  1  support®' 

0.498 

27,  25,  24 

55,  52,  50 

79,  77,  77 

18%  type  6  binder 

1236 

17QA 

4%  Pt/type  1  support^ 

4%  Pt/type  1  support^' 

0.559 

23,  24,  25 

59.  57,  57 

88,  8Tj  S6 

123T 

171c 

0.541 

50,  27,  27 

55,  55,  54 

82,  82,  82 

1256 

171D 

1%  Pt/type  1  support 

0.711 

21,  21,  21 

50,  47,  49 

72,  69,  72 

1239 

171E 

4%  Pt/type  1  support 

0.747 

21,  22,  22 

52,  51,  52 

82,  82,  82 

12U0 

17IF 

2%  Pt/type  1  support 

0.762 

22,  20,  20 

52,  43,  48 

77,  76,  76 

12ln 

175 

3.2%  Pt/4o%  type  16  support^' 

4o%  type  1  support" ' 

C.492 

27,  22,  22 

49,  45,  44 

74,  74,  72 

type  6  binder 

12U2 

1? 

II  II  II  i» 

0.505 

31,  22,  21 

55,  50,  50 

80,  77,  77 

12  U3 

70 

l%pt/u,)p  r-8  type  Al2l3(ref) 

0.420 

25,  20,  20 

48,  45,  46 

71,  71,  70 

I2U 

177A 

3%  Pt/koi  type  1  support  (1) 

*K1%  type  1  support  (S) 

0.405 

25,  25,  24 

53,  53,  55 

82,  82,  82 

20%  type  6  binder 

12l»5 

HTB 

4%  Pt/  " 

0.401 

24,  24,  26 

54,  53,  53 

84,  82,  82 

12»j6 

me 

'•yP®  support 

'4o%  type  1  support 

0.478 

29,  25,  27 

54,  51,  50 

79,  '(7,  77 

20%  type  6  binder 

12U7 

177D 

4%  Pt/  " 

0.476 

26,  24,  26 

54,  51,  51 

>14,  80,  60 

12  W 

Ifl^A 

4%  pt/4o%  type  1  support  (l  ) 

0.4o4 

30,  26.  25 

58,  54,  55 

85.  86,  83 

4o%  type  1  support  (?) 

20%  type  6  binder 

1250 

iSitC 

4%  Pt/80%  type  1  support 

0.478 

50,  25,  25 

63,  60,  58 

88,  89,  91 

20%  type  6  binder 

(Contlnuad ) 
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Table  58.  (Contd-g)  DEHyPROGENATION  OF  METHYLCYCLOHEXANE 
WITH  VARIOUS  CATALYSTS  IN  MICTR 


Rur. 

No. 

Cat'ilj'St 

jlt  Conversion  of  MCH  to  Toluer"  it-t  I 

No. 

10860- 

Description 

wt.  ,  g 

662 

752 

842  °F 

1251 

1840 

Pt/80Tf>  type  1  support 
type  6  binder 

0.664 

26,  25,  29 

57,  54,  54 

84,  84,  85 

-  OJ.T2 

l,V  n.'yi  ■»  - f,  ^ 

40%  type  1  support  (2) 

20^  type  6  binder 

0.480 

25,  27,  30 

56,  53,  52 

86,  85,  8^4- 

1255 

i84b 

4^  Pt/40'jt  type  l6  support 

40'4  type  1  support 

2oit  type  6  binder 

0.422 

22,  22,  25 

51,  49,  50 

79, 79, 78 

I25i; 

1255 

70 

70 

1%  Pt/!I0P  R-8  type  A1203  (ref) 

<t  It  It 

0.419 

0.422 

24,  20,  20 
21,  20,  20 

48,  44,  46 
47,  44,  44 

71,  69,  68 
69,  68,  68 

1256 

1257 

1258 

1259 

i88a 

i88b 

l38c 

i88d 

lib  Pt/type  1  support  (purified)''^ 
lit  Pt,  li  metal  Afl/type  1  support 

r.  ^  2.3it  "  "  " 

•1  ti  n  «i  It 

0.803 

0.738 

0.713 

0.752 

51,  27,  26 

21,  23,  24 
28,  25,  22 
16,  16,  16 

58,  52,  51 
60,  55,  55 
56,  51,  51 
48,  44,  45 

84,  81,  80 
86 ,  84 ,  84 
80,  79,  79 
71,  68,  68 

1260 

1261 

1262 

189A 

189B 

189c 

lit  pt,  lit  metal  AC/type  1  support 

n  It  2 

ti  It  It  ft  It 

0.759 

0.731 

0.747 

51.  28.  50 
17,  18,  20 
16,  15,  15 

57,  51,  51 
51,  48,  49 
57,  37,  32 

82,  81,  81 
75,  68,  67 
52,  48,  45 

I26U 

70 

lit  Pt/UOP  S-8  type  AlaOs  (ref) 

0.4i7 

24,  22,  20 

49,  46,  46 

72,  70,  69 

1263 

1265 

1266 

19OA 

19OB 

190c 

lit  pt,  lit  metal  AA/type  1  .support 

It  M  2 , ••  ”  " 

If  It  It  ft  It 

0.711 

0.767 

0.764 

25,  22,  25 
20,  21,  24 
22,  21,  19 

59,  54,  53 
55,  51,  50 
55,  47,  47 

84,  83,  81 

81,  81,  80 
78,  77,  75 

1267 

1268 

1269 

19U 

191B 

191c 

lit  Pt,  l/t  metal  AO/type  1  support 
"  "  2.3lt  "  " 

M  II  tl  It  ft 

0.767 

0.746 

0.742 

3**,  29,  26 
24,  20,  21 
22,  21,  23 

59,  54,  54 
59,  52,  54 

51,  54,  51 

85,  82,  81 
85,  85,  83 
75,  73,  72 

1270 

1271 

1272 

192A 

192B 

192c 

lit  Pt,  lit  metal  AE/type  1  support 
"  "  2.3’^  "  "  " 

M  It  It  It  ft 

0.756 

0.737 

0.769 

26,  23,  25 
26,  25,  24 
26,  23,  22 

62,  58,  56 
59,  55,  52 
55,  50,  50 

87,  87,  86 
85,  83,  85 
81,  79,  79 

1273 

195c 

fomulation  for  1086o-l84c,  -stored 
wet  53  days,  before  drying,  cal¬ 
cining,  and  4lf.  pt  impreg. 

0.440 

22,  25,  23 

56,  55,  56 

84,  82,  80 

I27U 

195A 

Formulation  for  1086o-i84a,  stored 
wet  55  day.a,  before  drying,  cal¬ 
cining,  and  4lt  Pt  impreg. 

0.409 

24,  25,  25 

54,  52,  51 

84,  82,  79 

1275 

195E 

Fotmulatlon  for  1086o-i84e,  stored 
wet  48  days,  before  drying,  cal¬ 
cining  and  4lt  Pt  impreg. 

0.5C5 

24,  25,  23 

58,  54.  55 

84,  84,  85 

1276 

1950 

Formulation  for  10860-184d, stored 
wet  54  days,  before  drying,  cal¬ 
cining,  and  4lL  pt  impreg. 

0.975 

22,  22,  23 

58,  54,  54 

86,  84,  85 

J)  Control  for  aerie*  K>86o-l8e,  189,  190,  191,  and  192. 
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J-vations  of  Eqtiations  for  the  Catalytic  Wall  Reactor  Model 
Fliild  Flow  EquationB 

The  fluid  flow  in  the  reactor  ia  described  by  a  mass  balance,  a  moraentum 
balance,  and  an  energy  balance.  The  differential  equations  are  formed  by  writing 
the  balances  over  a  differential  cylindrical  element: 


fluid 

out 


length.  As 


riass  Balance: 

Since  the  flow  is  assumed  to  be  at  steady  state, 
rate  of  mass  flow  in  =  rate  of  mass  flow  out 


pvA(j 


z 


+  Az 


where 

p  =  fluid  density 
V  =  fluid  velocity  .^^2 

Aq  =  cross-sectional  area  =  -jj— 

d  =  diameter  of  flowing  fluid 


(57) 


Since  A^  is  a  constant,  tlien  pv  is  also  a  constant,  which  is  the  mass  flirx: 


(58) 
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Moraentiini  Balance: 


rate  of  racmentura  in  -  rate  of  momentum  out  •+•  sum  of  forces  on  system  =  0 

rate  in  =  (pvA(.)vj 
’  z 

rate  out  =  (pvA(,)v| 

I  z  +  Az 

pressure  force  =  PA^,  •  -  PA^  i 

'z  z  +Az 

drag  force  =  -(i  p^)A^f 


where 


P  =  fluid  pressure 

p  =  average  value  of  p 

V  =  average  value  of  v 

Ag=  surface  area  of  diffcr^Titial  element 

f  =  Fanning  friccion  factor  (djrag  force  equation  defines  f) 


GA^Cvi  -v,  )  +  A^(P|  -Pj  )+ipv®Agf  =  0  (39) 

'  z  +  Az  '  z  '  z  +  Az  z 


Dividing  by  the  volume  of  the  differential  element  and  taking  the  limit  as  Az 
approaches  zero  gives  the  desired  differential  equationi 


(v 


z  + 


Az 


=  0 


(>K)) 


lim 

A  z  -»  0 


G 


z  +  Az  ^1  z  S 

+  - — - - -  +  — - 

Az  d 


=  0 


(in) 


dv  dP  2  p  v^l 
dz  ^  dz  ^  d 


0 


Note  that  the  average  values  of  p  and  v  become  the  same  as  the  point  values  aa 
Az  approaches  zero.  The  only  forces  considered  here  are  pressure  and  dreg  or 
frictional  force.  Other  forces  such  as  gravitational,  nuclear,  radiative,  and 
electrcmagnetic  forces  have  been  neglected-  The  gravitational  force  ml^t  be 
important  in  a  vertical  reactor  at  very  low  flow  rates. 


-1C4- 
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Balance: 

rate  of  kinetic  energy  in  -t-  rats  of  internal  energy  h'  ra  r-e  (  O  Winr-t  i  .' 
energy  out  -  rate  o*^  internal  energy  out  +  not  rf^te  of  ho  i!:  a.lif  il  - 
rate  of  work  done  by  system  =  0 

rate  of  kinetle  energy  in  =  i  GA(.v^j 

7. 

rate  of  internal  eiiergy  in  - 

rate  of  kinetic  energy  out  =  iGA  v^i 

I  z  +  A  z 

rate  of  internal,  energy  out  =  GA(.Uj 

z  +  A  z 

rate  of  heat  added  =  "<ii.Ag 

rate  of  rork  done  by  system  -  PA^v.  -  PA^v, 

I z  +  As  I  z 

where  U  ^  specific  internal  energy 

qj|=  heat  flux  from  fluid  to  wall 


Substituting  H  for  U  +  p/p,  and  dividing  by  the  volume  clement  TTd'^'Az/ij-  gives 

=  0  (kj,) 


4G(v^|  -  v-’i  ) 

z  +  A  z  z 


gCh.  ••  Kj  ) 

'  z  +  A  z  *  z 


Az 


Az 


d 


Taking  the  limit  as  Az  approaches  zero  and  dividing  by  G  gives 


dv  dH  ^  ^  „ 

dz  dz  Gd 


(kh) 


We  can  obtain  H  in  terms  of  p,  T,  and  p.  For  an  ideal  gas,  H  is  a  function 
of  T  only: 


^  -f^]  ^  =  P  It 

dz  '  \^/p  dz  ■■  "^P  dz 
The  pi*es3iare  effect  can  be  added  to  give: 


(U5) 


^  It 

dz  \^/p  V^/T 
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The  value  of  ^  is  knovm  as  tlit'  heat  capacity  at  constant  pressxire,  and  may 


be  calculated.  From  he  well  known  equation 
dH  =  TdS  +  VdP 


we  can  obtai 


(a^l  ■ '  {»), 


Substituting  in  one  of  Max\-ell's  Relations,  gives 


(»),  ■  -'(ft), 


or  written  in  terms  of  p  instead  of  V, 


(ft),  ■  <i¥i 

_  JL.  1'^ 


1 

p 


1 

^  p 


So,  th-^  final  equation  is 


dv  dT  fl  T  fhp\  1  dP  ^  kol  _ 
^  d7  ^  ^  dF  ^  [p  ^  ^  \Sr)^\  d7  5d  =  ° 


We  can  r-ewrite  the  momentum  balance  by  dividing  by  p  to  give 


dv  1  dP  2  v^f 
V  — -  +  ~  T—  +  — —  =  0 

dz  p  dz  d 


Subtracting  this  from  Equation  (52)  gives 


dT  T  /  S 

T  ds  p2 


-io6- 
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Substituting  G/p  for  v  gives  the  final  two  equations  for  the  fluid  flow; 


d  bp 
P 

dz 

^  f 

It 

dz 

^  ~  -  2f  =  0 

G2  dz  ^ 

(55) 

p2c^d 

G2 

dz 

Td 

G2 

It 

^  - 
dz 

-2f  =  0 

(56) 

Chemical  Conversion 

The  mod'jl  is  presently  based  on  a  single  chemical  reaction.  Again,  the 
shell  balance  r?/jthod  is  used  to  obtain  a  differential  equation. 

rate  reactant  in  =  rate  reactant  out  +  rate  reacted 

GA^ni  =  GAgiii  +  rv^Az  (57) 

•  z  '  z  +  A  z 


where 

n  =  number  of  moles  of  reactant  per  unit  weight  feed 
r  =  rate  of  reaction  per  unit  volume  of  catalyst 
Vg  =  volume  of  catalyst  per  unit  length  reactor 

giving 


dn  _  4rvg 

dz  (58) 


The  volume  of  catalyst  per  unit  length  for  a  cylindrical  layer  on  the  Inside  of 
a  tube  is 


Vc  =  ^ 


(59) 


where 

D  =  inside  diameter  of  tube 
d  =  inside  diameter  of  catalyst 


Rewriting  Equation  (53)  in  terms  of  x,  number  of  moles  converted  per  \init  weight 
feed,  gives 


dz 


Gd 


(60) 
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Vail  Temperature  Profiles 


Uis  temperature  profiles  in  the  catalyst  layer  and  in  the  tube  wall  may 
be  calculated  ImoMing  the  heat  flvixes  and  assimlng  that  the  heat  generaticjn  is 
uniforni  across  the  section.  This  is  probably  a  good  assumption  for  the  tube  wall, 
since  the  heat  generated  depends  on  the  electrical  resistance,  which  depends  on 
the  temperature.  The  changes  in  temperature  across  the  tube  wall  are  generally 
small  enough  to  neglect  for  this  purpose.  Ihe  assumption  of  uniform  heat  absorp¬ 
tion  in  the  catalyst  layer  is  less  acceptable,  since  the  amount  of  heat  is  related 
directly  to  the  rate  of  reaction,  which  is  an  exponential  functicai  of  teinperatxire. 
The  tanperature  drops  across  the  catalyst  layer  are  also  larger  than  those  aci^s 
the  tube  wall. 

13ie  tenperature  in  a  cylindrical  layer  may  be  found  by  making  a  shell 
balance  over  an  cylindrical  element  of  inside  radius  y,  -thickness  /Sy,  and  length 
L: 


Hie  heat  balance  consists  of 

rate  of  heat  in  +  rate  of  heat  generated  =  rate  of  het\,.  out 
rate  of  heat  in  =  2ffyLqj 

y 

rate  of  heat  out  =  Srrylxii 

'y  +  Ay 

rate  of  heat  generated  -  S(2TryLAy) 


where 

y  =  radius  of  element 
3  -thickness  of  element 
L  =  length  of  element 
q  heat  flux  in  +  y  direction 
S  =  rate  of  heat  generated  per  unit  volume 


27rt  [(y  +  Ay  )qj  -yqi  1  »  (6l) 

!y  +  Ay 
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Divide  by  2ifL£y  and  take  the  limit  as  approaches  zero. 


lim  r(y  +  ^)qj  -  yq, 

I  _ Lid  =.  ys  (62) 

Ay 


liial  ..  yS 
dy  ^ 

(63) 

Integration  gives 

Sy^ 

yq  =  -f-  +  Ci 

(6k) 

or  q  =  ^  ^ 

2  y 

(65) 

where  is  a  constant  of  integration.  This  eqmtion  applies  to  both  layers. 

The  boundary  condltiona  are  sli^tly  diffeirent.  In  both  cases,  let  yo  ind  yjj^ 
be  tlie  outer  and  innei'  jradJ. 5.  of  the  layers,  catalyst  and  tube.  Then  at  the  outer 
surface,  the  boundary  condition  is  a  heat  flux  at  that  surface: 


q  =  qo  at  y  «= 

yo 

Then 

from  Equation  (65) 

^  It 

(66) 

and 

Cl  =  qoyo  - 

(67) 

So 

q  -  +  i  (qoyo 

-¥) 

(68) 

Introducing  the  Fourier  equation  for  heat  conduction 

,  dT 
q  =  -k  -r- 
^  dy 

(69) 

gives 

dy  ~?k  ”  ky 

(qoyo  - 

(TO) 
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Integration  gives 


T  =  -  “  In  y  ^qoyo  "  ^ +  ^2 


(71) 


where 

T  =  tempera  t\Ere  in  layer 
k  =  thermal  conductivity 
=  constant  of  integration 


The  houndaiTr  condition  for  each  layer  is  that  at  the  inner  surface,  y^^;  the  temper 
atxire  is  T^. 


myi 

for  each  layer. 


^  In  yj  ^qoyo  -  + 

+  i  In  y^  ^qoyo  - 

(a  «  .  §2flf.  ) 

\qoyo  2  ’  In  y  +  Tj  + 

k 

(qoyo  ■  ^2^  ^ 


C2  (72) 

(73) 

(7^) 


Equation  (jh)  may  now  be  applied  to  each  layer.  The  subscripts  refer 
to  the  sin*faces  shown: 
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Th«‘  heat  generated  tn  the  tube  wall  Is  written  as  the  heat  flue  of  generated 
heat,  based  on  inner  tube  surface  area: 


S  = 


Btu 


%  hr  ft^(itmer  areal 


ft® (inner  area) 


n»  gTTyaL 

^  L 


S  = 

ye  -  ya  ^ 


(75) 

(76) 


The  heat  flux  at  the  outer  surface  (3)  Is  <13  and  is  corrected  to  be  based  on  the 
Inner  surface:' 

Qe  -  ^  qe  (77) 

ye 

Then  Eqmtlon  (7*^)  after  some  rearrangement  becon«s 


T  -  Ta 


1 

k 


-  y^)  +  ys  In  ) 
-  -  yg 

a  -  (“‘J® 


q^a  In  (■^) 
JSt 


(78) 


To  get  the  temperature  drop,  and  T3  are  substituted  for  y  and  T,  and  rearranged 
to  give 


Ta-Ta 


^  ya 

’  1  -  +  2  in  m 

ys  ye 

2k 

1  -  & 

(79) 


for  the  tube  wall.  By  a  similar  procedure,  the  tempera t\ire  in  the  catalyst 
layer  is  shown  to  be 


T  -  Ti  =  + 


2k 


1  -  +  2  in  (^) 

_  iifji _ 2Ll_ 

1  - 


and  the  temperature  difference  across  the  catalyst  layer  is 


Ts-Ti 


V® 


1  -  +  2  In  (^)® 

y^ _ yi 

1  - 

Vi 


-  ^  In  0^) 
k  'yi 


(80) 


(81) 
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Deacrlptlotn  of  the  Beta -Ray  Backscatter  Apparatua  for  Rating  Deposits 


The  Instniment  ccsnaists  of  the  following  functional  blocks:  The  vacutan 
system,  the  scanning  mechanism,  the  beta-ray  source,  and  the  detection  system. 

The  vacuiim  system  consists  of  a  chamber  made  from  a  three -foot  length 
of  S-lnch'srfTTio  steel  pipe  with  end  plates  sealed  by  0-rings.  One  end  provides 
access  for  loading  the  coker  tubes  and  the  other  holds  the  driving  mechanism. 

A  Welch  lUoSB  fore  pump  is  connected  by  rubber  tubing  to  a  pipe  nipple  welded  to 
the  vacuum  chamber. 

The  rest  of  the  vacuum  system  consists  of  a  thermocouple  gauge  and  a 
bleed  valve. 

The  scanning  mechanism  serves  to  translate  and  rotate  the  coker  tube  past 
the  scia:*ce  and  detector.  It  consists  of  a  track  fastened  to  the  inside  of  the 
vacuum  chamber  on  which  a  carriage  rides.  The  carriage  holds  the  coker  rod  and  is 
driven  by  a  shaft  end  lead  screw  arrangement  attached  to  the  end  plate  of  the  vac¬ 
uum  system.  The  drive  shaft  in  the  test  chamber  ccsmects  throu^  a  vacuum  seal  to 
a  variable  speed  reversible  motor. 

The  beta -ray  soinrce  is  contained  in  a  block  which  is  mounted  to  the  face 
of  the  detector.  The  source  material  was  obtained  from  the  target  of  a  Texas 
Nuclear  neutron  generator.  The  block  consists  of  layers  of  brass  with  two  milled 
slots  to  direct  the  beta-ray  beam  to  the  coker  tube,  which  is  located  at  the 
intersection  of  the  beams.  Between  the  two  slots  for  the  beta -rays  is  a  third 
slot  which  is  aligned  with  the  opening  in  the  detector.  This  allcvs  the  backscat- 
tered  radiation  to  enter  the  detector  and  be  counted. 

The  detection  system  counts  the  radiation  that  is  backscattei^  from  the 
coker  tube  and  presents  the  count  rate  on  a  strip  chart  recorder.  The  detector 
is  a  flow  proportional  counter  with  an  til tra  thin  window  operating  on  P-10  gaa 
(90^  Argon,  10^  methane).  The  window  is  made  of  a  thin  film  of  celltilose  nitrate. 
It  is  supported  by  a  Buckbee  iMeers  Co.  nickel  screen  of  70^6  transmission.  The 
detector  is  attached  to  a  flange  that  provides  a  vacum  seal  and  can  be  moved 
tdille  under  vacuum  to  position  the  detector  with  the  spout  to  the  coker  tube  to 
focus  the  radlatlan. 

The  rest  of  the  detection  system  is  outside  tlie  vacuum  chamber  and 
consists  of  a  high  voltage  power  supply  for  the  proportlonsl  counter,  a  lew  noise 
preamplifier,  a  linear  amplifier,  a  count  rate  meter,  and  a  atrip  chart  recorder 
with  an  offset  zero  provision. 
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Preas, 

(atm) 

Temp, 

(“K) 

Delay, 
(ji  sec) 

Press, 

(ate) 

Temp, 

(“K) 

Delay, 
ill  sec) 

Press, 

(atm) 

Temp, 

(“K) 

Delay, 

(n  sec) 

90^fei  Argon,  ER  =  0.2 

0.6o 

iWw 

110 

1.08 

1170 

5580 

0.6l 

1390 

200 

1.20 

1340 

180 

0.67 

13*«3 

U30 

1.06 

1190 

3240 

0.61 

1230 

2680 

1.28 

1380 

150 

0.63 

1270 

1230 

l.lOf 

1500 

60 

0.61|- 

]290 

210 

1.07 

1190 

2980 

0.60 

1220 

3790 

99^^ra  Argon,  BR  =  0.5 

0.55 

ll»8o 

3o4o 

0.91 

1380 

3450 

1.56 

1450 

2010 

0.53 

1520 

1570 

0.94 

1470 

1740 

1.61 

1430 

2360 

0.5^^ 

ll»90 

2220 

0.91 

l48o 

1830 

1.50 

1450 

1400 

0.53 

1530 

1040 

0.92 

1520 

74o 

1.47 

l46o 

1530 

0.51 

l64o 

300 

0,91 

1510 

n6o 

0.49 

1600 

490 

0.90 

1560 

660 

0.89 

1550 

560 

0. 88 

1530 

770 

0.90 

1560 

530 

0.92 

1600 

54o 

0.91 

1600 

270 
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Table  6o.  IGNITION  DELAY  TIMES  FOR 
TETRALIN-CDCTCEN-ARQON  MHTURES 


Press, 

(atm) 

Delay, 

(m  sec) 

Press, 

(atm) 

Delay, 

(n  sec) 

99^<m  Argon,  SI  =  0 

.1 

0.6l 

1510 

650 

1.00 

l44o 

1310 

0.59 

1540 

54o 

1.02 

1420 

l48o 

0.6l 

1650 

210 

1.05 

1420 

2570 

0.6o 

1700 

350 

0.97 

l48o 

330 

0.57 

1760 

170 

0.98 

1530 

120 

0.95 

1470 

1070 

805{m  Argai,  SH  =  0 

.1 

0.62 

1210 

3180 

1.06 

ll4o 

3570 

0.78 

1470 

40 

1.08 

1160 

770 

0.61 

1210 

880 

l.o4 

1160 

1970 

0.62 

1210 

3110 

1.02 

1160 

2730 

0.62 

1210 

3130 

1.06 

1180 

460 

0.62 

1210 

2l40 

1.08 

1190 

370 

0.61 

1200 

3390 

90^^ln  Argon, 

SI  »  0.11 

0.62 

1320 

3470 

1.04 

1280 

1050 

0.62 

1300 

3520 

1.03 

1300 

650 

0.59 

1320 

1060 

1.07 

1370 

290 

0.65 

1370 

630 

1.07 

1280 

lo4o 

0.61 

1520 

1530 

1.11 

1280 

1810 

0.61 

1390 

250 

1.14 

1270 

2960 

0.68 

1430 

810 

1.11 

1210 

3890 

0.60 

1300 

2540 

99^fci  Argcn,  SI  »  0. 

5 

0-66 

1520 

3350 

1.04 

1490 

2610 

0.63 

1540 

1120 

1.06 

1530 

930 

0.65 

1540 

5070 

1.05 

1530 

850 

0.63 

1520 

1620 

1.05 

1520 

790 

0.65 

1570 

950 

1.02 

1560 

410 

0.64 

1560 

900 

l.o4 

1680 

260 

0-63 

1540 

1150 

1.05 

1690 

260 

0.61 

1570 

820 

1.04 

1680 

l4o 

0.59 

1630 

46o 

l.o4 

1670 

80 

0.60 

1720 

24o 

1.10 

1750 

150 

0.59 

1700 

220 

1.05 

1690 

24o 

0.60 

1720 

120 

1.15 

1700 

110 

0.61 

1740 

210 

1.05 

1600 

310 

0.60 

1710 

180 

0.63 

1530 

3020 

(Contd) 

i:: 


TmALiN-om 


Press, 

Temp, 

Delk. 

Temp, 

Delay, 

(atm) 

Ck) 

(m  eeo) 

('K) 

(ii  sec) 

0.6h 

1560 

690 

0.63 

1550 

13^ 

0.62 

1520 

1170 

0.63 

1530 

1520 

90^  Argon 

p  SI  *  Oe 

57 

0.66 

1390 

60 

l.l4 

1250 

3580 

0.62 

1270 

3310 

1.14 

1260 

2700 

0.61 

1280 

5470 

1*13 

1260 

3650 

0.60 

1270 

2660 

1.09 

1230 

2590 

0.59 

1270 

2070 

1.08 

1250 

2620 

1.06 

1240 

2180 

95^fa  Argon 

,  ER  =  1. 

0 

0.58 

ll»20 

2880 

1.08 

1430 

2280 

0.62 

1470 

304o 

1.03 

1560 

3130 

0.61 

I4l0 

3340 

1.03 

l4lo 

l64o 

0.67 

1650 

110 

1.09 

1450 

190 

0.62 

1470 

2650 

1.09 

l4^ 

2360 

0.63 

1470 

2900 

3.04 

1390 

3130 

0.63 

l48o 

2480 

99^(in  Argon 

,  EE  =  1. 

0 

0.59 

1530 

1650 

1.01 

1580 

620 

0.59 

1560 

760 

0.97 

1600 

550 

0.61 

l64o 

450 

i.bi 

1740 

90 

0.62 

1730 

250 

1.03 

165c 

370 

0.61 

1750 

230 

0.99 

1520 

690 

0.59 

1630 

370 

1.02 

1540 

1520 

0.62 

1650 

560 

0.95 

1510 

1110 

1.03 

1530 

2890 

90^  Argon 

,  ER  =  1. 

21 

0.64 

1280 

2970 

I.l4 

1230 

3050 

l.l4 

1230 

5290 

1.12 

1230 

2T30 

1.12 

1250 

3450 

1.10 

1250 

3000 
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Table  6l.  IGKITION  D! 


NA.PHTHAI£NEK3nGSMrARaON  MIXTURES 


reas, 

atm) 


Delay y  Presa,  Temp,  Delay, 

(uaec)  (atm)  (“x)  (usee) 


90^  Argot 

1,  EH  s  0< 

1 

0.63 

IU30 

Uoo 

1.04 

lllOO 

koo 

0.60 

i47C 

100 

1.05 

l»^30 

2kO 

0.60 

1370 

730 

1.04 

1370 

530 

0.63 

1360 

890 

1.08 

1550 

6^ 

0.62 

1550 

3OSO 

1.06 

1270 

2650 

0.60 

1300 

3550 

1.09 

1280 

2910 

0.61 

1310 

5790 
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Table  fe.  PHYSICAL  PROPEaTIES  OF  METHYIX;YCn)HEX/lNE/mANE  MHIURES 


MCH  Ethane 

Weight  ^90  10 

Mole  i  T^.k  26.6 


Average  Molecular  Weight 
Melting  Point 

Heat  of  Fonnaticn  (Liquid  at  25 “c) 
Net  Heat  of  Combustion  (25 “C) 


80.1 
-215‘’F 
-885  Btu/lb 
18,820  Btu/lb 


Psevidocritical  Pronertiea 


Pressure 
Temperature 
Ccm^resaibility 
Acentric  Factor 

Factor 

538  psia 
442“F 
0.260 
0.207 

Teu^). 

Vapor 

i ,  Pressure, 

paia 

Liquid 

Specific 

Gravity 

Liquid 

Viscosity, 

cp 

Enthalpy, 

Btu/lb 

0  psia  1000  psia 

-200 

0.24 

0.856 

12.9 

123 

-62 

-100 

8.4 

0.803 

2.02 

139 

-36 

0 

59. 

0.746 

0.723 

164 

0 

100 

197 

45 

200 

237 

97 

300 

283 

156 

4oo 

554 

222 

500 

591 

296 

600 

453 

584 

700 

520 

467 

800 

591 

555 

900 

667 

64o 

1000 

746 

725 
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r^ole  62  (Corvid;.  PH:g>ICAL  FaOPFRTIK  OP  ^ai'H/I>ClfOLam4ME/J‘T^N'E  MIXTlEg^ 


Weight  ^ 


fCH 

8o 

5>.l 


Avertige  Molpculi.ar  Weight 
r-feltij5g  ^oiiit 

Ifcat  of  Fonrntion  (Jiquid  at  2‘^‘’C) 
!\!et  Heat  of  Corabuatior  ('3.5  c) 


ythaiis 

20 

¥sv.9 


{  o  d 

"p^O  ^  p 

-956  i:!tu/l,b 
38,980  3tu/ll- 


Piseiidocritical  PToper+-ierf 
Pi^esfciTire 
Tetaperature 

Cr«npre3sibility  Factor 
Acentric  Factor 


56'’  ^V9.ia 

.F 

0«2^>6 

'■■■..182 


Temp. , 

^'epor 

Preaaure, 

paia 

Llqu-ii  d 
Specific 
Gravity 

Liquid 

Viscosity, 

CO 

C 

■  Btu/l 

-200 

O.M49 

0.826 

5.01^ 

■1  •  r\ 

“69 

“100 

li*.? 

0.759 

1.07 

139 

■? 

0 

99. 

0.696 

0.470 

165 

0 

100 

200 

ii8 

200 

pif-O 

1C2 

500 

/>5 

2 

kOQ 

959 

951 

5ChD 

39T 

50*3 

0<X3 

659 

995 

■TQO 

527 

hrj 

5>G0 

598 

5b  5 

900 

6  ('5 

1  iKX') 

ta 

I  r“ 


Table  65.  PmT>ICA.L  PROPERTIES  OF  METimiOYCLOHEmNE /PROPANE  MIKTJEBS 


Pi>lK 

Weight  ^  90 

ftole  ^  80-2 

kvfn'S.g^  Wolfccula  ,  Weight- 
Melting  Poijit 

Heat  of  Foraffiifcian  (Liquid  at  25 "C) 
liet  Heat  of  Ganbration  (25  °c) 

Pseudoeritlcal  Prav*"'rtiea 
Pressure 
Teaiperatiii-e 

Compressibility  Fhctor 
Acentric  Factor 


Propane 

10 

19  8 


87.5 

-210°F 
-867  Btu/lb 
18,770  Btu/lb 


520  x)Sia 
498"  F 

0.256 

0.226 


Temp. , 

Op 

Vapor 

Press\nre, 

psia 

Liquid 

Specific 

Gravity 

Liquid 

Viscosity, 

_ _  3 

Enthalpy, 

Btu/lb 

0  psia 

1000  psia 

-200 

o.8n 

22.0 

12^3 

~6o 

-100 

0.57 

0.821 

2.91 

139 

-55 

0 

7.5 

0. 769 

0.898 

164 

0 

100 

38.1 

0.713 

0 

0 

197 

44 

200 

12J+. 

0.620 

0.25T 

237 

96 

500 

282 

155 

boo 

334 

220 

500 

y~fO 

?q4 

oOO 

4  S'-: 

•^82 

10() 

Slv' 

465 

800 

';jC- 

554 

gcx' 

66':.! 

hi  8 

1000 

744 

723 

liOO  tp'l 


Weight  % 
Mole  $ 


MJH  Pi*opsne 

8o  20 

6J^,2  :55.8 


Avemge  ItoleculRr  WeigJit 
Melting  Tolnt. 

Heat  of  Fo-xaeation  (Liqxdd  at  2*j*’C) 
Net  Heat  of  G«b^^stiarA  (25  “C) 


78.8 

-2:22  “F 
-902'  Bfcu/ib 
18,880  Btr./lh 


^udocrltical  Properties 
Pressure 
Tejoperaturc! 

Compresalbllity  Factor 
Acentric  Factor 


55^J  psie 
Wk)‘‘F 
0«2£iO 
0.211 


Vapor  Liqxiid 

Preasxire,  Specific 

pa la  Gravity 

0.81^5 


Liquid 

Viscosity, 

_ £2> _ _ 

11.5 


Enthalpy,  Btu/lb.  _ _ 

0  paia  1000  psia 

125  -6k 


Tabl 


/*  ICAI  PROPERTIES  OF  HJSTHYX^YCLCHEKANE/PRQPAIffi  MIXTURES 


iCH  Propane 

Weight  $  70  50 

Mole  $  51.2  48.8 


Average  Molecular  Weight 
ftelting  Point 

Heat  of  F'orsPBtlon  (Liqaid  at  25 "C) 
Met  Heat  of  Combustion  (25 “C) 


71.8 
-252 »F 
-936  Btu/lb 
18,990  Atu/lb 


Pseudocrltical  Properties 

Presuure  550  psia 


Temperature 
Conrprea  a  ib  11  i  ty 
A.cent,ric  Factor 

Factor 

392“F 

0.264. 

0.199 

Teaupi 

Op 

Vapor 

,  Presfjure, 

psia 

Liquid 

Specific 

Gravity 

Liquid 

Viscosity, 

CP 

Enthalpy. 

Btu/lb 

0  psia 

1000  psia 

-200 

0.818 

6.55 

125 

-69 

0 

0 

1.42 

0.765 

1.28 

l4l 

-39 

0 

18.4 

0.707 

0.494 

167 

0 

100 

91.6 

0,64l 

0.281 

202 

49 

200 

289. 

0.498 

0.189 

242 

3  04 

0 

0 

•0 

289 

166 

4(X' 

54x7 

235 

500 

399 

310 

6c.io 

4&: 

397 

TOO 

550 

48i 

800 

602 

5(S 

900 

6t8 

(554 

LOOG 

758 

739 

LlOO 

8if2 

{325 

L200 

Qlt 

■ip’ 
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•Pable  6h.  PHlfSIGAI.  PROPERTIES  OF  MEXffinEiCYOLQtimNg/ii -BUTANE  MIXTlltE 


MCK  n-Butaae 

Weight  i>  90  10 

Male  i  84.2  If). 8 


Average  Molecular  Weight 
Melting  Point 

Heat  of  Fonoation  (Liqitid  at  25*c) 
Net  Heat  of  Cambustion  (25 “C) 


91.9 

-20T“F 
-859  Btu/lb 
18,740  Btu/lb 


Paeudocrltlcal  Properties 
Pressure 
Tetrperature 

Ccfiipreseibility  Factor 
Acentric  Factor 


512  psla 
528"^ 
0.255 
0.257 


Ttaop., 

•f 

Vapor 

Pressure, 

paia 

Liquid 

Specific 

Gravity 

-200 

0.879 

-100 

0.830 

0 

1.21 

0.781 

100 

9.5 

0.730 

200 

40.6 

0.675 

500 

123. 

U.583 

400 

500 

600 

700 

800 

900 

icxx:> 

llCX) 


Liquid 

Viscosity, 

ep. 

Enthalpy,  Btu/lb 

0  psla 

ICOO  psia 

29.2 

123 

-59 

3*52 

139 

-35 

1.034 

164 

0 

0.4'D 

196 

44 

0.277 

256 

95 

0.192 

281 

153 

333 

219 

389 

293 

451 

580 

518 

463 

5B9 

552 

664 

636 

743 

721 

826 

80T 

ArAPl”TR-7iO-* 


Table  64  (Contd~l).  PHISSIGAX  PROPEHTISS  OF  MIXTURE 


fCH  K -Butane 

Weight  ^  8o  20 

Jfole  $  70.5  29.7 


Average  Molecular  Weight 
Melting  Point 

Heat  of  Formation  (Liquid  at  25"C) 
Net  Heat  of  Cambustlan  (25 “C) 


86.3 

-PlS^F 
-886  Btu/lb 
18,820  Btu/lb 


Pseudoeriti&al  Prapertiea 
Pressure 
Temperature 

Compressibility  Factor 
Acentric  Factor 


Temp., 

“F 

Vapor 

Pressure, 

PS  l  a 

Liquid 

Specific 

Gravity 

-200 

0.860 

-100 

0.810 

0 

2.22 

0.758 

100 

16.5 

0.706 

200 

65.9 

0.61*6 

300 

188. 

0.528 

1*00 

500 

600 

TOO 

800 

900 

ICXX) 

r.ioo 


517  psia 
492®F 
0,258 
0.231 


Liquid 

Viscosity, 

CD 

_ Enthalpy, 

Btu/lb 

0  psia 

1000  psia 

18.1 

322 

-63 

2.51^ 

139 

-37 

0.817 

164 

0 

0.399 

398 

45 

O.2U5 

237 

98 

0.175 

284 

158 

336 

224 

393 

299 

455 

386 

522 

470 

594 

558 

670 

643 

749 

72Q 

851 

Table  6k  (Contd-g).  PmSlCkL  PROPEflTIES  OF  METI-mXYCLCaimNS/n-BUTANE  MIXTURE 

MCH  n -Butane 

twill"  I II  I  II  Ill■llll 

Wei^t  i>  70  50 

Mole  i  58,0 


Average  Molecular  Weight 
Meltirig  Point 

Heat  of  Forn»ticsn  (Liquid  at  25 "C) 
Net  Heat  of  Coosbustion  {25®c) 


81 A 
-227'‘F 
-912  Btu/lb 
18,910  Btu/lb 


Fseudocrltical  Properties 


Pressure 
Teanperat’'  'e 
Corapreasibility 
Acentric  Factor 

Vapor 

Teap . ,  Preasvnre , 

"F  nsia 

Factor 

Liquid 

Specific 

Gravity 

Liquid 

Viscosity, 

.  _cp_ 

523  psia 
lf59»F 

0.261 

0.226 

Enthalpy.  Btu/lb 

0  psia 

1000  psia 

-200 

0.841 

11.8 

121 

-67 

-100 

0.790 

1.90 

138 

-59 

0 

3.11 

0.T3T 

0.664 

165 

0 

100 

22.8 

0.685 

0.343 

199 

47 

200 

83.5 

0.620 

0.221 

239 

100 

500 

2h6. 

0.482 

0.161 

286 

162 

4oo 

539 

230 

500 

597 

506 

600 

459 

392 

7<00 

526 

476 

80c 

398 

565 

900 

675 

649 

1000 

754 

734 

1100 

00 

820 
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6*5  PROPERTIES  OF  JP-7 
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ts  AssTNAcV.^e  general  objective  of  this  investigation the  development  of  new 
fuels  and  new  fual  systems  which  will  provide  the  cooling  and  propulsion  require - 
nents  of  advanced  air-breathing  engines.  In  previous  studies  on  the  utilization  of 
endothermic  reactions  of  hydrocarbon  fuels,  the  catalytic  dehydrogenation  of  naph¬ 
thenes  showed  tlie  most  promise  for  practical  applications.  In  continuing  these 
studies,  a  large  number  of  catalysts  were  prep^ired  and  tested  for  activity  and 
stability  for  the  dehydrogenation  of  methyicyclohexane  and  decalin.-  The  stability  ! 
Df  supported  platinum  catalysts  for  these  reactions  was  affected  by  the  pihysicalj 
Properties  and  chemical  ccmposition  of  the  support  and  by  the  metal  content  and  | 
aat  l  composition  of  the  catalystr>Bicyclo(2,2,2)octane  was  dehydrogenated  to  ' 
Die;,  -looctene  in  low'  yield  with  a  supported  platinum  catalyst.  Additives  were  5 
fova'K’  which  enhanced  the  rate  of  thermal  cracking  of  paraffins.  Improved  wall 
jata>ysts  were  formulated  for  the  dehydrogenation  of  naphthenes  and  a  mathemati- 
ssl  n,odei  was  developed  for  a  catalytic  wall  reactor.  Various  fuels  were  eval¬ 
uated  for  Ihennal  steb^lity.  In  both  our  standard  ASIM  Coker  and  a  sj^ecial  Alcor 
JFTOT  urrit  designed  for  operation  up  to  1000'’F  and  1000  psi.  The  high  tempera  curs 
thermal  stability  of  fuels  was  impi'oved  by  meana  of  additives. . The  deposit  pro- 
|files  on  coker  tubes  were  reproducibly  detenisined  with  a  recently  developed  beta- 
ray  backscetter  instrument  which  is  capable  of  measuring  deposit  thicknesses  up 
to  2500  A..  The  physical  properties  of  JP-T  jet  IXiel  were  reealcxaabed  using  im- 
sriwed  methods.  H-.e  supersonic  combvistion  of  decalin,  tetralin  and  naphthalene 
was  investigated  using  the  shock  tube.  A  literature  survey  was  made  of  articles 
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